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Editorial 


The Indianapolis Meeting 


Tue Annual Spring Meeting held in May was eminently success- 
ful in attracting both members and non-members to the various sessions, symposia, 
and feature events. The Divisional Officers merit congratulations for their attractive 
programs, and the Indianapolis Local Committee for its expeditious handling of reg- 
istration, information, crowded meeting rooms, lunches, and other facilities for many 
more people than really were expected to be present. The total registration of more than 
1200 is not the record for a Spring Meeting--that record is held by the Washington 
Meeting of 1957— but some 30 fewer papers were scheduled for presentation than in 
Washington, and the sessions were finished in three days instead of the usual four. 


More people were registered on Sunday than ever before, perhaps because of 
the three-day session limitation and the fact that the Monday morning talks were not 
to be missed. On Monday, the Insulation Division, which had asked for a room to ac- 
commodate 80 people, found 200 trying to get in. The Fuel Cell Symposium, with a 
maximum of 200 estimated, had an attendance closer to 300. The Electronics Division 
had its usual good attendance, and the Theoretical Division Symposium on Tech- 
niques was very popular. In fact, at no session did one see, as was common a few years 
ago, a dozen people in attendance at 9:00 A.M. with eight or ten more drifting in 
later. 


An obvious reason for the high interest in the Meeting is to be found in the na- 
ture of the Symposia. Many of the papers presented were not concerned primarily 
with new research, although some new findings may have been included in them. 
They were reviews and surveys in various fields of the objectives and the techniques 
which have been used, with discussion of the theory and of future plans and pos- 
sibilities. A good example is the Symposium on Modern Instrumentation and Tech- 
niques of Electrochemical Measurements. This type of program attracts newcomers 
and experienced workers as well, because it gives a quick background survey in 
each field, which would require several hours in the library otherwise. There is ad- 
ditional interest if experts from abroad can attend and present their methods and 
viewpoints, especially if they customarily publish in languages other than English. 


Many of the papers so presented are, of course, not suitable for the JouRNAL, al- 
though their content of new experiments and theory will, no doubt, be incorporated 
in suitable future publications. It is here that the Extended Abstracts, or some form 
of preprinting, perhaps in even longer version than 1000 or 1500 words, play an im- 
portant role. These booklets give the listener a record, better than any notes he can 
take, to look over later (as well as before the talks), complete with literature refer- 
ences. The Electronics Division underestimated the number of copies of their Ab- 
stracts needed; was sold out on Tuesday. The Theoretical Division had only a few 
copies left. These preprints fill an obvious wish and need, and must be encouraged. 
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PIONEERING 


AT BELL TELEPHONE LABORATORIES 


In such an open field as this Dr. Karl Jansky of Bell 
Laboratories opened the way to radio astronomy. His 
search for a mysterious source of. radio noise led him—and 
us—to the stars for our answer. 


Today Bell scientists continue their pioneering in many 
fields—among them the transmission of human voices on 
beams of coherent light. Bell Laboratories’ revolutionary 
Optical Maser foreshadows the use of light as a whole 
new medium of telephone, TV and data communications. 


These are but two of the many fundamental 
advances which have come from breaking fresh 
ground at the world center of communications 
research and development. 
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solely for the plating trade, Anaconda 
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QUICK FACTS 


Economical—in the lowest price range of any 
copper anodes of similar thickness. 


Highest Commercial Purity—made from vir- 
gin metal of 99.925% minimum purity. 


Ample Thickness—to drill and tap holes for 
insertion of suspension hooks 


Oxygen-Free—suitable for both acid and 
cyanide plating. 


Dense Structure—no porosity. 


Here, for the first time, is high-quality 
electrolytic copper available in full 1” 
thickness that cuts handling time, 
lowers costs. Electranodes can be used 
in any plating operation where a flat 
anode will fill requirements. If you want 
an economy type anode, Electranodes 
offer you the finest quality at the lowest 
possible cost. 

Write for Electranode Specification 
Form. We’ll follow up with prompt 
price and delivery information on 
Electranodes to meet your specific 
needs. Address: Anaconda American 
Brass Company, Waterbury 20, Conn. 
In Canada: Anaconda American Brass 
Ltd., New Toronto, Ontario. 61-812 
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The Discharge Mechanism of Certain Oxide Electrodes 


Harry B. Mark, Jr. and W. C. Vosburgh 
Department of Chemistry, Duke University, Durham, North Carolina 


ABSTRACT 
The discharges of PbO., TiO., and TI.O, electrodes were studied and are 


compared with similar discharges of the MnO. electrode. The overpotentials of 
PbO. and TiO, electrodes at small current densities are linear functions of the 
current density, but T1.O, is like MnO, in having a square-root relation. It is 
considered that the first step in the electrode reaction is reduction to a lower 
oxide or hydroxide and that the subsequent disposal of this is rate-determining. 
The square-root relation is correlated with the existence of an unstable 
valence state between the initial and final products. A few experiments with 
Ce(OH), and SnO; electrodes were carried out, but these were less satisfactory 


It is of interest to inquire how much alike various 
oxide electrodes are in their discharge processes. 
The discharge of the MnO. electrode in acid electro- 
lytes has been studied in this laboratory and a theory 
of the process has been proposed (1, 2). The polari- 
zation is considered to be almost entirely a solid- 
state concentration polarization under the experi- 
mental conditions. In the present investigation, the 
discharge of three other oxide electrodes have been 
studied under similar conditions. The theory pro- 
posed for MnO, can be applied also to T1.0,, PbO., 
and TiO, with minor alternations. A few experiments 
were carried out with Ce(OH), and SnO, electrodes. 
All of these electrodes resemble MnO, in having a 
compound of intermediate valence as the product 
of the first reduction step rather than being reduced 
directly to a metal. 


Preparation of Electrodes 


Lead dioxide electrodes.—A Pt tube 5.0 mm in out- 
side diameter and 51.5 mm long was sealed by 
glyptal cement to a Pyrex tube at the tup and to a 
glass plug at the bottom. Electrical contact was 
made through the glass tube to the interior of the 
Pt tube. The Pt then was plated with rough-sur- 
faced gold from a bath of AuCl, at room tempera- 
ture. This electrode had very nearly the same di- 
mensions and apparent surface area (8 cm’) as the 
graphite electrodes used in previous work (3) for 
the preparation of MnO, electrodes. The PbO, was 
electrodeposited on the gold surface from a solution 
of 0.0057M Pb(NO,),. and 0.12M HNO, with a cur- 
rent density of 10 ma/electrode (1.25 ma/cm*) for 
30 or 40 min at room temperature. With these con- 
ditions the deposit was probably 8-PbO, (4, 5). The 
experience gained in seeking satisfactory conditions 
was compatible with the data of Shibasaki (6). A 
deposit with different discharge characteristics, and 
presumed to be a-PbO., was obtained from a bath of 
1.5M NH, and 6.5M NH,C.H,O, saturated with Pb 
(C.H,O.), with current density of 10 to 50 ma/elec- 
trode for 40 to 60 min, or from a bath of 100 g/1 of 
Pb(OH). and 200 g/1 NaOH with current density 
of 10 ma/electrode for 40 min (4). 


as current-producing electrodes than the others. 


Titanium dioxide electrodes.—Electrodeposits of 
TiO. did not adhere well to the gold-plated elec- 
trodes, but were satisfactory on graphite. As in pre- 
vious work (3) graphite rods of spectrochemical 
grade 4.8 mm in diameter were sealed by glyptal 
cement into short pieces of glass tube so that 52 mm 
projected at the bottom and enough at the top for 
electrical connections. The bottom portions of the 
rods were plated with TiO, from a solution of 0.01M 
TiCl, and 0.6M HCl with a current density of 1 ma/ 
electrode for 6 to 24 hr. This was followed by anodic 
oxidation in 0.24M HCl until bubbles of oxygen 
were evolved. One electrode of a number plated in 
this way was blue in color while the others, which 
will be called normal, did not differ noticeably in 
appearance from the graphite. Blue TiO, could be 
prepared from a bath containing H,AsO,, but such 
electrodes were not reproducible in properties. Blue 
TiO, also could be prepared by heating normal TiO, 
electrodes in a vacuum for 1 to 3 days at 140°- 
200°C. Some TiO, electrodes were prepared with 
foreign cations in the plating bath. These were not 
blue, but were different from the normal. 

Since the normal TiO, electrodes did not differ 
in appearance from unplated graphite a test was 
made to see whether they were in fact different. An 
unplated graphite electrode was given the anodic 
oxidation treatment and placed in a discharge cell 
in TiCl, electrolyte. The initial open-circuit poten- 
tials of both graphite and TiO, electrodes were 
much too high and were probably oxygen potentials. 
On passage of current the unplated electrode showed 
no discharge capacity, whereas normal TiO, elec- 
trodes after a short discharge attained reproducible 
open-circuit potentials and showed reasonable dis- 
charge capacities. The conversion of normal to blue 
TiO, is also evidence of a real deposit, since the blue 
TiO, was visible. : 

Thallium oxide electrodes.—A satisfactory dark- 
gray electrodeposit of Tl.0, was obtained on gold- 
plated platinum from an electrolyte of 0.02M 
TLSO, and 0.75M NaOH. The deposit was hard and 
adhered tightly to the gold. 
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Tin oxide and cerium hydroxide electrodes.—Elec- 
trodeposits of SnO, on graphite were obtained from 
an electrolyte of 0.1M SnCl, and 0.07M HCl with a 
current of 0.8 ma/electrode for 20 hr. The deposit 
was white and powdery and did not adhere well. 

Electrodeposits which were probably Ce(OH), 
(7) were obtained on gold-plated platinum from a 
neutral solution containing Ce(III). The deposit 
was greenish yellow and gelatinous and did not ad- 
here well. It dissolved slowly in solutions of pH 3 
or less. 


Discharge Overpotential of Lead Dioxide Electrodes 

Self-discharge-—Beck, Jones, and Wynne-Jones 
(8) in studying PbO, electrodes made by anodic 
oxidation of Pb found a rate of self-discharge equi- 
valent to a current of 0.75 ma/cm’*. This was deter- 
mined by measuring the electrical output of the 
electrode as a function of rate of discharge. Since 
correction of their overpotential data for self-dis- 
charge altered the relation of overpotential to cur- 
rent considerably, it was important to measure the 
rate of self-discharge of the electrodes used in the 
present investigation. 

Discharge of PbO, electrodes in 0.1M H.SO, elec- 
trolyte to zero potential measured against a Hg.SO, 
reference electrode gave electrical outputs varying 
inversely with the current and considerably smaller 
than the theoretical capacity calculated from the 
data on preparation of the electrodes. Discharge con- 
ditions are described below and were similar to 
those previously used for MnO, electrodes (9). 
Electrodes prepared with a current of 10 ma/elec- 
trode for 30 min gave outputs varying from 116 to 
182 ma-min as the current varied from 7 to 1 ma. 
However, considerable undischarged PbO, remained 
on the electrodes at the end of the discharge, as 
shown by liberation of I, from an acidified KI solu- 
tion. 

When the amount of PbO, on undischarged elec- 
trodes was determined by a colorimetric method 
(10) it was found to be 0.111 + 0.007 milliequiva- 
lents instead of 0.188 as calculated for 100% charg- 
ing efficiency. When the PbO, remaining after 
discharge was determined by the same colorimetric 
method, and this amount added to the PbO. calcu- 
lated from the electrical output, the sum was with- 
in the experimental error of 0.111 milliequivalent 
for all current densities. The self-discharge was 
therefore too small to be measured by a discharge 
procedure. 

The failure of PbO, electrodes to discharge com- 
pletely and the variability of the amount of undis- 
charged residue is worthy of note, because the same 
phenomena have been observed for MnO, electrodes 
discharging in acid electrolyte (11). 

A more satisfactory measure of the self-discharge 
of PbO, was obtained by determination of the Pb(II) 
formed by a colorimetric procedure using dithizone 
(10). A freshly plated electrode was made the 
anode in the electrolysis of dilute HNO, until O, was 
evolved freely to insure absence of Pb(II). It then 
was placed in 20 ml of 0.15M HCIO, and after a few 
days was removed, washed, and transferred to an- 
other portion of the HC1O, solution, and later in the 
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same way to a third, fourth, and fifth solution. The 
Pb(II) found in the HClO, solution was propor- 
tional to the time of contact with the electrode and 
averaged 0.15 mg in 10° sec, which is equivalent to 
a discharge current of 1.4 x 10° ma/electrode or 
1.8 x 10° ma/cm’. 

In the overpotential measurements, discharge 
currents of 0.3-3 ma/electrode were used in the 
most important experiments, and currents of 0.05- 
0.4 ma/electrode in a less important series. There- 
fore, the self-discharge was considered negligible 
and no correction was made for it. 

Overpotential measurements.—For discharge the 
electrode under test was mounted in a rubber 
stopper fitting a 300-ml electrolytic beaker so that 
the electrode was located centrally in the beaker. 
A cylindrical sheet-lead anode lined the inside of 
the beaker. A Luggin capillary with its end at a 
distance from the test electrode equal to about four 
times its diameter led to a reference electrode of Hg 
and Hg.SO, in a 0.1M H.SO, electrolyte. An inlet 
tube was provided for the introduction of a stream of 
nitrogen which provided the stirring. 

Electromotive forces were measured by a L&N 
Speedomax recording potentiometer. For the larger 
overpotentials an instrument sensitive to about 1 
mv was used. For the smaller, and for observation 
of the growth and decay of PbO, electrode polariza- 
tion a recorder with a 10-mv range was combined 
with a Type K potentiometer. This recorder had a 
fast chart speed, 5 cm/min, and was sensitive to 
about 0.01 mv. 

Currents for discharge were furnished by three 
dry cells in series with the appropriate resistance 
and measured by a calibrated milli- or microam- 
meter. The current was maintained constant manu- 
ally. 

When an electrode in the discharge cell had come 
to open-circuit equilibrium, as shown by constancy 
of potential for 15 min, a current was passed until 
a constant closed-circuit potential was attained. 
Then the circuit was broken and the electrode al- 
lowed to reattain a constant open-circuit potential. 
The difference between the equilibrium open-circuit 
potential after discharge. E.. and the steady-state 
closed-circuit potential, E,, was taken as the over- 
potential. The open-circuit potential after discharge 
was chosen on the assumption that appreciable 
changes in open-circuit potential between the final 
closed-circuit measurement and the subsequent 
open-circuit measurement were improbable. 

When the first overpotential measurement was 
completed a second was made, usually with a dif- 
ferent current. Then a third and as many more as 
possible were made without a change in the char- 
acteristics of the electrode. To insure against errors 
from permanent changes in the electrode one of the 
early measurements always was repeated later. 
Only if the two overpotentials agreed within 3 mv 
was the series accepted as valid. In a long series of 
measurements the overpotentials usually increased 
eventually. 


Since the apparatus was like that used previously 
for the similar study of MnO, electrodes, and since 
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Fig. 1. Open- and closed-circuit potentials in successive 
short discharges of single electrodes of PbO., MnO:, and TI.O; 
plotted against time. The PbO. and MnO, electrodes were 
discharged in acid electrolyte and the TI.O; electrode in 
alkaline. 


the electrolyte concentrations were comparable (1) 
and the currents small, the estimate of negligible 
corrections for iR and electrolyte concentration 
polarization should apply to the present work. 

Figure 1 illustrates the results obtained. The up- 
per curve is for a £-PbO, electrode; the electrode 
potential is plotted against total time elapsed. The 
beginning of current flow is indicated by an abrupt 
decrease in potential and the opening of the circuit 
by an abrupt increase. The discharge current in 
milliamperes per electrode is given for each dis- 
charge. The middle curve is the similar one for y- 
MnO, discharging in 1M H.SO, and 0.1M MnSO, 
(1). The lowest curve is for a TI.O, electrode dis- 
charging in 0.002M TLSO, and 1.2M NaOH. A com- 
parison of the overpotential magnitudes on the basis 
of the data of Fig. 1 is of little value because the 
true surface areas are unknown. 

It is shown in Fig. 1 that in the first discharge of 
each cf the three electrodes the potential passed 
through a minimum. Subsequent discharges do not 
show a minimum. However, for both B-PbO, and 
y-MnoO,. the use of the more sensitive measuring in- 
strument revealed slight minima in discharges after 
the first. If a B-PbO, electrode stood overnight after 
one or more discharges the first subsequent dis- 
charge showed an appreciable minimum, but it was 
not as Inrge as in the original discharge. 

From discharge curves such as shown in Fig. 1 
the relsiion of the overpotential of B-PbO, to the 
current was obtained for currents between 0.038 
and 0.38 ma/cm’* (0.30 and 3.0 ma/electrode). The 
electrodes became unreliable when currents larger 
than 3 ma/electrode were passed. Some representa- 
tive results for an electrolyte of 0.1M H.SO, satu- 
rated with PbSO, and containing excess suspensed 
solid are given in Table I. 

Different 8-PbO. electrodes did not agree in over- 
potential, as shown in Table I. In Fig. 2 the data in 
Table I for electrode 1 are plotted, along with simi- 
lar data for electrolytes of other concentrations of 
H.SO, and one of KHSO, and K.SO,, all saturated 
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Fig. 2. Overpotentials of PbO. electrodes plotted against 
current per electrode of 8 cm* area; electrolytes: @, 0.01M 
H-SO,; A, 0.1M H.SO,; 1, 1.0M H2SO;; and O, 4.4M H2SO,, 
all with excess PbSO,; and M, 0.1M KHSO, and 0.1M K2SO,. 


with PbSO,. A single electrode was used for 0.01, 
1.0, and 4.4M H,SO, electrolytes to minimize errors 
from the lack of reproducibility of different elec- 
trodes. If Table I is fairly representative of the 
variation of different electrodes, and of the 0.1M 
H.SO, overpotential, it must be concluded that the 
overpotential is not any simple function of the 
H.SO, concentration. Of the concentrations tried 
0.1M H.SO, gave the lowest overpotential and the 
KHSO, and K.SO, solution the highest. 

In all cases a plot of overpotential against current 
density, or current per electrode, was a straight 
line within the limit of error. Because of the limited 
range of currents, plotting against the square root 
of the current gave as good a straight line for elec- 
trode 2 (Table I) but only fairly satisfactory ones 
for the others. For MnO, electrodes discharging in 
acid electrolyte the overpotential is a linear func- 
tion of the square root of the current density (2). 
For neither electrode is the relation of overpotential 
to the logarithm of the current density linear. 

When currents greater than 3 ma/electrode were 
passed the closed-circuit potential did not become 
constant but decreased as in the discharge of the 
MnoO. electrode at 20 ma (Fig. 1). Electrodes always 
were damaged by such a discharge, and subsequent 
discharges at lower currents gave overpotentials 
that were too large and not reproducible. The PbO, 


Table |. Variation of the overpotential of 8-PbO. electrodes with 
current density in an electrolyte of 0.1M H-SO, saturated with 
PbSO, 

Overpotential, mv 

Current, 


ma/cm? Electrode 1 


0.038 
0.063 
0.094 
0.125 
0.188 
0.25 
0.31 
0.38 


i 
063 [0 063 
4.4M 
= 
P 40 
4MA 4MA 4MA A 
30 
| 50 MV TI,0, 20 
20 
| 10 
i 
3 
14, 14 16 7,8 
t 20 24, 26 11, 12 i: 
27 30 16 
33, 34 35 20 
: 36 40 
45 28 
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Fig. 3. Relation between the overpotential of the PbO, elec- 
trode and current per electrode in the region of small currents. 
The two curves represent two different electrodes. 


deposit of damaged electrodes was loosened from 
the gold surface. 

Discharge of a PbO, electrode in an electrolyte of 
0.10M HNO, and 0.05M Pb(NO,). gave overpoten- 
tials as nearly like those in 0.1M H.SO, as could be 
expected of different electrodes. In 0.15M HCIO, and 
0.10M Pb(Cl1O,)., however, currents a tenth of those 
used for 0.1M H,SO, electrolytes (Table I) gave 
overpotentials of the same order of magnitude as 
for the H.SO,. This was true also of 6M HCI1O, elec- 
trolyte, but in 1.0M HC1O, and 0.1M Pb(CI1O,). cur- 
rents of 2-12 ma/electrode were required for over- 
potentials of this order of magnitude. Since the 
same electrode was used for the three HCIO, elec- 
trolytes the large difference cannot be ascribed to 
the variation of electrodes. 

To investigate the region of smaller currents and 
overpotentials two series of measurements were 
made with the 0.1M H.SO, electrolyte by means of 
the more sensitive recording potentiometer with 
currents of 0.006-0.05 ma/cm’* which gave overpo- 
tentials of 1-8 mv. Figure 3 shows the relation be- 
tween overpotential and current, which is expressed 
by curved lines that can be extrapolated to the 
origin. 

Growth and decay of polarization.—The time in- 
volved in the growth and decay of polarization of 
PbO, electrodes was observed in connection with 
the overpotential measurements with small cur- 
rents. Figure 4 shows 3 growth curves for £-PbO, 
electrodes in different electrolytes and one for 
a-PbC . These were taken from curves made on the 
recording potentiometer with the faster chart speed 
and greater sensitivity. The discharges represented 
were not the first discharges of the respective elec- 
trodes. 

The potentials of the 8-PbO, electrodes all passed 
through minima like the minima found for y-MnO, 
in discharges after the first (1). Small minima like 
that of curve 2, Fig. 4, were not detectable by the 
less sensitive recording potentiometer, and so are 
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Fig. 4. Growth of polarization of PbO, electrodes; curve 1, 
a-PbO, in 0.1M H.SO,, 0.30 ma/electrode; curve 2, 8-PbO- 
in 0.1M H.SO,, 0.050 ma/electrode; curve 3, 8-PbO, in 
0.01M H.SO,, 0.050 ma/electrode; curve 4, 8-PbO: in 0.1M 
KHSO,, 0.1M K.SO,, 0.050 ma/electrode; all electrolytes sat- 
urated with PbSO:. 


not shown in Fig. 1. The time required for the at- 
tainment of the minimum potential varied inversely 
with the acidity from 15 to 170 sec. Only a negligi- 
ble part of the overpotential was established too 
rapidly to be followed by the recorder at the lower 
acidities. 

The decay of polarization of a 8-PbO, electrode is 
shown in Fig. 5 for three current densities. The ini- 
tial potentials of the decay curves were the same 
within the limit of error as the steady-state poten- 
tials during current flow. 

Experiments with a-PbO..—Overpotentials of 
a-PbO, electrodes were not reproducible and the 
open-circuit potentials were not constant. The over- 
potentials were considerably smaller than for 
B-PbO.. No potential minimum in an a-PbO, dis- 
charge was observed. A _ representative a-PbO, 
discharge curve is shown in Fig. 4. 


Discharge Overpotential 
of Titanium Dioxide Electrodes 


For present purposes the discharge of a TiO, 
electrode is taken to mean the reduction of the TiO, 
by analogy with the PbO, electrode. For overpoten- 
tial measurements the electrolyte was 0.03M TiCl, 
and 0.56M HCl. The anode consisted of 8 graphite 
rods surrounding the TiO, electrode. A saturated 
calomel electrode was used as the reference elec- 
trode. 


12 14 


8 10 
TIME IN SECONDS 


Fig. 5. Change of potential, AE, of a 8-PbO. electrode with 
time on open circuit, starting with the steady-state closed- 
circuit potential. Curve 1, polarized at 0.225 ma; 2, at 0.109 
ma; and 3 at 0.050 ma/electrode (8 cm’). The points were 
taken from a recorder graph. 
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The open-circuit potentials of both normal and 
blue TiO, electrodes were much too high when they 
were first put into the electrolyte, but fell to con- 
stant values (—0.7 v and —0.5 v, respectively) in 
about an hour. The negative sign indicates that the 
TiO, electrode was negative with reference to the 
calomel electrode. When Mg” was present in the 
plating bath the initial open-circuit potential was 
above + 0.6 v, and it decreased very slowly. A 
short discharge at 0.6 ma decreased the potential 
rapidly to below — 0.9 v, and subsequently on open 
circuit the potential became constant within the 
normal range. Similar abnormal electrodes were 
obtained when Al**’ and H,PO, were in the plating 
bath, but with Mn”, Zn‘, Ba‘, and Li’ the TiO, 
produced seemed normal. 

For overpotential measurements an electrode was 
kept on open circuit until its potential had remained 
constant for 15 min, then a series of short dis- 
charges and recoveries was begun, as for PbO, 
electrodes. The results obtained are illustrated in 
Fig. 6, which shows curves similar to those of Fig. 
1, for normal and blue TiO,.. The overpotential of 
the normal TiO, electrode was much larger than 
that of B-PbO,, but smaller than that of blue TiO.. 

Duplicate measurements at the same current 
density for the same normal electrode agreed within 
2 mv, but different electrodes differed by about as 
much as did different PbO, electrodes. Figure 7 
shows overpotential data for three normal TiO. 
electrodes and one blue electrode which was made 
by electrodeposition. The discharge overpotential of 
the TiO, electrode is a linear function of the cur- 
rent, but not of the square root of the current. 


Discharge Overpotential of Thallium (III) 
Oxide Electrodes in Alkaline Electrolyte 


The TIO, electrodes in an electrolyte of 0.002M 
TLSO, and 1.2M NaOH were quite reproducible in 
open-circuit potential. Against a reference elec- 
trode of Hg, Hg.SO,, and 0.1M Na.SO, the potential 
was — 0.520 + 0.005 v, without correction for liquid 
junction potential. 

For the overpotential measurements, current was 
passed between TIO, electrodes and carbon anodes 


0.072 MA 


POTENTIAL 


0.087 ma 
0.087 wa 
50 MV 


(2) 
c@] 20 40 60 80 100 120 140 160 
TIME , MINUTES 


Fig. 6. Open- and closed-circuit potentials in successive 
discharges of single electrodes of: 1, blue TiO: and 2, normal 
TiO, in acid electrolyte containing TiCls. 
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Fig. 7. Relation between the overpotential of normal TiO. 
electrodes (O, [], A) and a blue TiO. electrode (@) and the 
current per electrode (8 cm’). 
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Fig. 8. Relation between the overpotential of TIO; elec- 
trodes in alkaline electrolyte and the square root of the 
current per electrode. 


(arranged as for TiO.) in the direction to reduce 
the TI(III). Alternate open- and closed-circuit 
measurements gave results such as shown in Fig. 
1. The over-potentials of three electrodes agreed 
within 3 mv, but a fourth was different. The over- 
potentials are shown in Fig. 8 plotted against the 
square root of the current per electrode. Plotting 
against the first power of the current density gives 
a curve. 

Cerium (IV) Hydroxide and 

Tin (IV) Oxide Electrodes 


Overpotential measurements for Ce(OH), elec- 
trodes in an electrolyte of (NH,).SO, buffered at 
pH 5 with pyridine and pyridinium sulfate were un- 
satisfactory. Currents larger than 0.001 ma dam- 
aged the electrodes, and the overpotential at this 
current was 20-30 mv. Growth and decay of polari- 
zation were slow. 

The growth and decay of polarization of SnO, 
electrodes were so slow that a series of measure- 
ments was not attempted. A fairly reproducible 
overpotential of £5 mv was measured for a current 
of 0.022 ma. 


Discussion 


The Overpotential.—It has been assumed previ- 
ously that in the early part of the discharge of 
electrodeposited y-MnO. electrodes in ammonium 
salt electrolyte at pH 7-8 the following reaction 
takes place (12, 13). 


MnO, + H* + e ———> MnOOH [1] 
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The formula MnOOH is used here as the simplest 
representation of a Mn(III) reduction product 
formed within the MnO. lattice and to some extent 
on the surface exposed to the electrolyte. The elec- 
trode potential accordingly decreases. Part of the 
decrease is designated as overpotential and on 
opening the circuit the overpotential decays because 
of solid-state diffusion of the excess of MnOOH 
near the surface into the interior (14). The diffu- 
sion may involve the movement of only protons 
and electrons. At equilibrium the oxide has a lower 
available oxygen content than the original and 
gives a lower electrode potential. The open-circuit 
potential during part of the discharge is propor- 
tional to the amount of discharge (2). 

Later in the discharge when the closed-circuit 
potential has fallen by 0.2 to 0.3 v a second reaction 
takes place, and Mn” begins to appear in the elec- 
trolyte. This may be attributed to the following 
reaction [2] or [3], or perhaps both, combined with 
reaction [4]. The formula Mn(OH), designates a 
Mn(II) compound on or below the surface of the 
oxide. 

2MnOOH ——— MnoO, + Mn(OH). [2] 


MnOOH + H* +e Mn(OH). [3] 


Mn(OH), + 2NH,, ——— + 2H,0 + 2NH, 
[4] 

In the early part of the discharge the slow step 
in the electrode process must be the diffusion, 
which goes on for a long time (4-40 days) after the 
breaking of the circuit. Later in the discharge Mn* 
is produced both during current flow and after its 
termination. Therefore, either reaction [2] or [4] 
must be slow. Diffusion must be involved, but 
whether it is rate-determining is not clear. There is 
evidence that the amount of lower oxide on the 
surface is a small fraction of the total (13). 

As the pH of the electrolyte decreases there is 
no evidence of an abrupt change in mechanism. The 
portion of the discharge during which no Mn” is 
formed decreases. In the more acid solutions the 
slow step may be considered to be 


2MnOOH + 2H*———> MnO, + + 2H.0 [5] 


Below pH 3 the mechanism leading to the formation 
of Mn” accounts for all of the electrode reaction 
and the decay of overpotential; the open-circuit 
potential does not decrease as the discharge pro- 
ceeds. 

A quantitative relation of overpotential to cur- 
rent was derived on the basis of the above mechan- 
ism for discharges in electrolytes of pH less than 3. 
Reaction [5] was assumed to be the slow step and 
the overpotential was predicted to be proportional 
to the square root of the current density. This was 
in agreement with experiment except at very low 
overpotentials, where one of the assumptions was 
questionable. 

It is of interest to inquire whether the discharge 
mechanism and the assumptions proposed for the 
MnO, electrode can be applied to the three similar 
electrodes of the present investigation. The over- 
potential of the T1,O, electrode is a linear function 
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of i'* like the MnO, electrode, but the TiO, electrode 
has a first-power relation. The PbO, electrode is 
somewhat uncertain, but probably has a first-power 
relation. Examination of the derivation (2) will 
show that, if a reaction similar to reaction [4] had 
been assumed as the slow step instead of reaction 
[5], the overpotential would have been proportional 
to the first power of the current. The difference is 
that the velocity of reaction [5] was assumed pro- 
portional to the square of the Mn(III) concentra- 
tion, whereas that of reaction [4] can be assumed 
proportional to the concentration. Reactions similar 
to reaction [5] are possible only when the primary 
discharge product is an unstable product interme- 
diate in valence between the initial and final prod- 
ucts. There can be no such substance in the partial 
reduction of TiO, since the final product is a Ti(III) 
compound. Therefore, the disposal of a Ti(III) ox- 
ide or hydroxide is the slow step and the theory 
predicts a first-power relation, in accordance with 
Fig. 7. 

Since the overpotential of the TI.O, electrode is 
proportional to the square root of the current (Fig. 
8), the theory requires an unstable intermediate 
form between the TI1(III) and T1(1I) states. A TI(II) 
valence state has been postulated in kinetic studies 
(15-17) and is mentioned by Latimer (18). It may 
be postulated here that a T1(II) oxide or hydroxide 
is formed within the TIO, structure and in the 
steady state of polarization disproportionates as fast 
as formed to give the soluble TIOH. 

The assumption of direct reduction of PbO, to a 
Pb(II) compound would imply that electrons are 
added in pairs. On the other hand, if Pb(III) exists 
it must be only a transitory state. The slow step in 
the discharge of the PbO, electrode may be either 
the charge transfer or the slow reaction of Pb(OH). 
within the PbO, lattice with acid. In the former case 
a linear relation of overpotential to current would 
be expected if the true current density is small. The 
effect of the acidity of the electrolyte on the over- 
potential is best understood in terms of its effect on 
the rate of reaction of Pb(OH),. with acid. If this 
reaction is the slow step, the PbO, electrode resem- 
bles the TiO, electrode, and a first-power relation 
of overpotential and current would be expected. 
Only if a slowly reacting Pb(III) intermediate were 
formed could we expect a square-root relation. 

The semiconductivity of the oxides and the elec- 
trode characteristics.—It is essential to the theory 
of oxide electrodes given above that the oxide be an 
electronic semiconductor so that the electrons can 
pass through it. While no precise values for the 
conductances of particular oxides can be given with- 
out measurements, some of the oxides used in this 
investigation differ so much that a qualitative com- 
parison can be made on the basis of literature val- 
ues. The best semiconductor is PbO, with unusually 
large conductivity (19, 20). Next best are TI,O,, 
MnO, and blue TiO., which are fairly good conduc- 
tors (20-22) while TiO., CeO,, and SnO, are much 
poorer than these (23, 22, 20). The Ce(OH), and 
SnO, electrodes would pass only very small cur- 
rents and had large overpotentials and slow growth 
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and decay of polarization. It is uncertain whether 
electrodeposited TiO. is more like the blue TiO, or 
the TiO, for which the semiconductivity was meas- 
ured. 

The minimum in the discharge curve.—It has 
been noticed previously (24, 1) that in the dis- 
charge of B-PbO, and y-MnO, electrodes in acid 
electrolytes the electrode potential passes through 
a minimum before the attainment of a steady state. 
In the present investigation minima were found in 
the discharges of 8-PbO, in all electrolytes, T1.O, 
(in alkaline electrolyte) and blue TiO., and were 
not observed for normal TiO, and a-PbO,.. When 
y-MnO, is discharged in NH,Cl or (NH,).SO, elec- 
trolyte there is a minimum if the pH is 4 or 5, but 
none at pH 7-8 (25, 26). On the other hand a-MnO, 
shows no minimum in either acid or (NH,).SO, 
electrolyte (26). 

Nucleation has been suggested as an explanation 
of the minimum in the PbO, discharge curve (24). 
While nucleus formation could be expected to lead 
to such a phenomenon, it is difficult to see what 
nuclei are formed in the 8-PbO, discharge in HNO, 
and HCIO, electrolytes and on this basis why no 
minima are observed for a-PbO., a-MnO., and nor- 
mal TiO.. 

Another phenomenon that may be connected with 
the minimum is the expansion of the crystal lattice 
on discharge which was observed for MnO, by 
Brenet (27) and Neuman and Fink (28), provided 
that it can be demonstrated that the other oxides 
act likewise. Brenet found the expansion less pro- 
nounced for a-MnO, than for y-MnO, in agreement 
with the data on the minima. The loosening of elec- 
trodeposited PbO, from its cylindrical support by 
excessive current and the similar damage to y-MnO, 
can be understood on this basis. 
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The Polarization of Metals in Boiling, Distilled Water 


J. E. Draley, F. E. DeBoer, and C. A. Youngdahl' 


Argonne National Laboratory, Argonne, Illinois 


ABSTRACT 


A survey of the polarization behavior (both cathodic and anodic) of sixteen 


metals in boiling, distilled water is presented. For the current densities used, no 
simple relation such as the Tafel plot described the dependence of E on I. For 
many metal-water systems reliable and reproducible data have been obtained, 
although in some of these systems the poor reproducibility is not reassuring. 


The elucidation of the mechanism of the reaction 
of a metal with water is of wide and basic interest. 
This reaction, per se, is of practical interest in the 
- corrosion of high efficiency power plants, water- 


cooled nuclear reactors, and in a few other in-° 


stances. It is of interest in all aqueous corrosion sys- 
tems since water is the species present in greatest 
concentration. It seems obvious, then, that the re- 
action of water with the metal should be studied 
both for its intrinsic value and as a reference base 
for aqueous solution studies. 

Several aspects of the reactions of metals with 
pure, liquid water have been studied (1). Since 
most of these reactions are, or probably are, elec- 
trochemical in nature, it appears that some electro- 
chemical measurements should be profitable. It is 
believed likely that the most valuable result of 
studying the polarization, or E vs. I, curve for a re- 
action will be the determination of its slope, which 
we propose to call retardance.’ The variation of this 
retardance as a function of current should be inter- 
pretable in terms of reaction mechanism. 

A search of the literature disclosed only a few 
previous papers dealing with polarization in pure 
water: Draley et al. (2) have described a method 
of measurement in the first paper of this series. It 
is probable that the paper of Tomashov and Mik- 
hailovskii (3) is not of immediate relevance since 
the adsorbed water film used was probably con- 
taminated by the salt from the salt bridge. Draley 
and Ruther (4) have reported a few results for 
aluminum alloys at 200° and 290°C. There have 
been, of course, many polarization studies in acid, 
salt, and alkaline solutions. 

Under these circumstances, it seems reasonable to 
survey the behavior of several metal-water systems 
in order to have a background for more intensive 
study. This has been done for a number of common 
metals and the results are reported here. 

In many corroding systems, and in particular for 
a number of metals in pure water, it is difficult to 
obtain polarization data having mechanistic signifi- 


1 Present address: Particle Data Laboratory Inc., 196 Clinton St., 
Elmhurst, I 


*The term retardance is chosen, rather than resistance, impe- 
dance, etc., because it does not suggest any specific electrical anal- 
ogy. but it is similar to these electrical terms and has the same 
units. Furthermore, its meaning is obvious: retardance is a measure 
of that which holds back a reaction. Thus it also is of general 
kinetic meaning. 


Thus, several systems lend themselves to more thorough study. 
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cance. The basic problem originates in the nature 
of the reactions occurring. Often corrosion product 
films formed have a high resistance to penetration 
by the ions and electrons transferred in the reac- 
tion. These films frequently rupture from stress or 
the liberation of hydrogen beneath them, hydrate, 
dehydrate, or are reduced sporadically during the 
reaction. Local pH changes occur in the solution 
next to the surface. The over-all topography changes 
as the reaction proceeds, exposing new kinds of 
surface and altering the resistive properties of the 
films formed. Differences in film composition occur, 
changing their properties. 

As far as is known there has been no adequate 
theoretical treatment of these phenomena, so that 
there is no basic equation relating rates for the cor- 
rosion reactions (involving these complex mixed 
processes) with the solution potential. In order to 
deal with such a situation, one approach is to take 
all these things as they are and determine empiri- 
cally the relationship between solution potential 
and over-all current. The next step in the analysis 
is to break down the combined curves into contri- 
butions from the various mixed processes occur- 
ring. The results given here are part of an effort to 
show how the first step, the determination of mean- 
ingful over-all polarization curves, might be ob- 
tained. 

There are many cases in which it is not possible 
to obtain meaningful steady-state potential values 
by either galvanostatic or potentiostatic methods. 
The application of a current or potential changes 
the balance between the processes occurring so that 
when some relatively unchanging condition is 
reached it is no longer representative of the situa- 
tion which was present without external polariza- 
tion. A simple illustration points up the problem. 
If a small constant anodic current is applied to alu- 
minum in pure water, the potential becomes more 
positive at approximately a constant rate (depend- 
ing on the current used) to roughly + 1 v vs. the 
saturated calomel electrode. At this point oxygen 
evolution occurs and the potential almost ceases to 
change. There is obviously no steady-state potential 
derivable from this measurement which is mean- 
ingful in terms of the reactions occurring during 
corrosion. Equally illustrative are the cases where 
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the application of anodic current decreases the cor- 
rosion current and the application of cathodic cur- 
rent increases the corrosion rate. Galvanostatic or 
potentiostatic, potential-current diagrams for such 
situations do not provide direct information about 
the processes occurring during corrosion because 
the processes changed during polarization. 

It is observed that the basic cause of the changes 
which do occur is the electricity passed in the meas- 
urement. Presumably, if no electric‘ty were passed, 
the surface and the reactions would not be changed. 
It is thus suggested that if sets of measurements 
were made so that at each current different amounts 
of electricity, Q, were passed, it should be possible 
to extrapolate to the “zero Q” case to obtain the 
datum desired. The method chosen in the present 
investigation is to apply continuously increasing 
polarizing currents at different constant rates, and 
to extrapolate for each current to the infinitely fast 
application rate. 

It is immediately apparent that if the scanning 
rate is high, some of the polarizing current will be 
used in non-faradaic (or capacitative) processes. 
To avoid this, scanning rates are kept low in an 
effort to maintain approximate steady-state condi- 
tions throughout. 

Experimental 

The experimental techniques and apparatus are 
essentially the same as reported previously (2). 
Two differences should be noted: (A) The test cell 
has been redesigned, Fig. 1, because the auxiliary 
electrode introduced an error into the potential 
measurement. This error was found to be caused 
by a difference of potential between the water layer 
just in front of the auxiliary electrode and the layer 
just behind it, during the measuring period. This 
potential difference was presumably due to the dif- 
ference in polarization caused by different current 
densities on the two sides during passage of the 
polarizing current. When the auxiliary electrode 
was put outside the chamber, as shown in Fig. 1, no 
further interference could be detected. (B) It has 
been found that the small amount of pre-electroly- 
sis that was applied in the original procedure had 
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Fig. 1. Chamber used for polarization studies of metals in 
boiling, refreshed water. 
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no effect on the aluminum cathodic polarization 
curve. For the present work, the water was not pre- 
electrolyzed. A thorough test of pre-electrolysis 
would involve about 15 1 of low conductivity water. 
Effective pre-electrolysis often involves less than a 
liter of 1N solution electrolyzed at about 0.01 amp/ 
cm’ for 24 hr (5). Bicelli and La Vecchia (6) use an 
even higher level of pre-electrolysis; they pass 
50-60 coul/ml at I = 0.05 amp. It is obvious that 
a comparable level of pre-electrolysis would be 
difficult to accomplish with the solutions used here. 

The water was triply distilled, with one inter- 
mediate cation exchange process, and had a resis- 
tivity of about 1.1-1.3 megohm-cm at 25°C. Al- 
though it was not normally done, water resistivity 
could be doubled by prolonged outgassing, indicat- 
ing the presence of CO, from the air. The oxygen 
content of the water entering the cell was found 
to be 6.0 + 0.2 ppm (using an Industrial Instru- 
ments Inc. Dissolved Oxygen Analyser). It may be 
noted that the pertinent data, the oxygen content 
and the variation of the oxygen content in the boil- 
ing water of the cell, are not available. This varia- 
tion may account for some of the variation of the 
polarization results. Typical analyses for metallic 
impurities showed only the presence of a few parts 
per billion of common metals (Al, Ca, Cu, Fe, K, 
Mg, and Na). 

Another check on water quality is the rate of in- 
crease of current, which is a measure of the water 
resistivity, during a run under standardized condi- 
tions. On one occasion it was observed that the 
100°C resistivity, measured in this way, was lower 
than normal even though the room temperature re- 
sistivity was normal and that a few polarization 
curves were different as a result; curves determined 
in this way are not reported here. 

The cell water was refreshed at about 10 ml/min 
(4% refreshment/min) in order to sweep away 
corrosion product in the water and to prevent con- 
tamination by the KCl of the salt bridge (in one 
test 0.2-0.4 ppm KCl changed the Al polarization 
curve markedly). The water was kept boiling for 
experimental ease. The reference electrode (satu- 
rated calomel) was at room temperature except for 
the cases Ag, Au, Co, Cr, Fe, Pt, Sn, and Y, for 
which the temperature was about 55°C; the varia- 
tion in reference potential is about 20 mv, or less 
than the average deviation of the open-circuit po- 
tential in each case. 

The sample was prepared by wet grinding (240 
grit paper); it was then washed, clamped in place 
and sealed to the cell, and left in contact with boil- 
ing water for about 20 hr. It has been shown ex- 
perimentally that neither the sealing process (in a 
150° oven for 3 min) nor the polyethylene gasket 
affects the polarization curve. Samples were left 
for about 20 hr since most reached a steady-state 
open-circuit potential in this time. A polarization 
curve was then run by continuously increasing the 
current at a constant rate for about 10 min, during 
which the potential wes measured about 10 times/ 
sec, using the interrupter. For subsequent curves 
the metal was reground, etc., so that there was no 
effect of previous tests. Since the hole in the cell, 
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through which contact of the water to the sample 

was made, had an area of 1 cm’, all the results re- 
ported refer to 1 cm’ geometric area. 

The current was interrupted 10 times/sec for 5 

| 


msec each interruption. The voltmeter continuously | | 


records the potential existing between the sample 
and reference electrode at the times corresponding 


E (volts vs sce) 


to the top of the interrupted pulses (2). After each 12 
run the wave form presented to the voltmeter was 
examined; if the potential decayed more than 10 mv 
in the last 3 msec of the interruption, the run was ~0} 
discarded. Also, the a-c pickup was measured after | 


each run; the results were corrected for this influ- 


ALUMINUM 


3x0 20 10 ° 10 20 30 


ence. Periodic checks to insure that the equipment 
was functioning well were made. The more impor- CATHODIC (wa/em2) 
% tant of these were (a) that the output voltage 


Fig. 2a-p. Polarization curves of 16 metals in pure, boiling 
change equaled the input voltage change (daily), water at various rates of current application. The curves are 
(b) that there was no effect of input impedance all taken after 22 hr exposure to the boiling water. 

below about 5 megohms (monthly), and (c) a mock 
cell was tested (monthly). 

All the metals were of a purity that would cor- 
respond to research grade chemicals or better. The 
Cr, Ni, Cu, and Sn were the purest available; the 
Al was 99.998°; and the Fe was electrolytic iron 
which had been vacuum melted and rolled. There 
are no data to indicate how sensitive the polariza- 
tion is to impurities or to alloying elements in the 
metal. 


E (volts ve sce) 


Results 
Polarization curves for sixteen metals have been 
obtained at three rates of current application. Each 
was run several times, and the average curves are | | i 
shown in Fig. 2 (a-p). These were obtained by suit- "© won *° 


(paver) ANOOIC 


) able addition of average polarization voltages to the ho 

4 average open-circuit potential. (The original data 9. 

’ are continuous recorder traces; they were averaged Because of the variability and irregularity of the 
at several arbitrary currents, and therefore no points curve shapes, linear, rectangular coordinates are 
iS show on the plots.) Reproducibilities of these po- used. There were only a few instances in which it 


tentials and polarizations are indicated in Table I. appeared instructive to plot potential as a function 


Table |. Maximum average deviation of potential 


Maximum average deviation of potential 
Cathodic 


Anodic 


Current Current 
OcSP, % of over- of max. No. of % of over- of max. No. of 
Metal v vs. S.C.E. in mv potential dev., wa curves in mv potential dev., ua curves 


Al —1.461 + 0.015 12 6 25 20 12 6 35 8 
; Ti —0.004 + 0.022 83° 14 25 5 50 7 5 4 
V —0.357 + 0.030 40 11 30 22 10 6 35 16 
Cr —0.196 + 0.065 84 14 35 8 67 10 35 6 
Fe —0.462 + 0.049 70 35 30 14 29 ? 35 8 
Co +0.004 + 0.026 22 6 30 4 13” 15 5 8 
; Ni —0.204 + 0.023 38 9 30 6 24 5 10 4 
Cu +0.059 + 0.017 35 23 35 4 10 12 30 6 
ts —0.504 + 0.098 120 18 20 6 61’ 9 5 5 
Nb —0.078 + 0.044 60 9 35 7 47 7 5 8 
Mo —0.310 + 0.018 16 12 35 4 11 18 35 6 
Ag +0.073 + 0.022 290 53 30 4 5 ~5 5-35 4 
Sn —0.233 + 0.077 70 13 30 4 127 11 15 4 
Ta —0.010 + 0.032 92 12.5 35 4 60 5 35 4 ; 
Pt +0.235 + 0.030 160 25 35 10 30 4 35 6 
Au +0.097 + 0.037 150 23 35 4 65 6 35 4 


“The average deviation increases markedly above 20 wa; at 20 wa the average deviation is 24 mv, 5% of the overpotential. ¢ 
* The anodic curves reverse and the deviations become quite large; the values listed are at currents less than those at which the re- 
verses occur 


* Since this current is beyond the point, about 1 swa/cm*, where the curve has reversed, this number has very little pertinence. 


4 
> 

~ (uo/min) » 

= 
17 } 

ae 
- 
a 
2 
“ 
| 
+ 
i 


108, No. 7 


(posmin) 


E (volts vs sce) 
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Fig. 2d 


E (volts vs sce) 


1 (wa/em?) 
Fig. 2e 


of the logarithm of the current. For these cases, 
rather straight lines were produced on such a plot 
for roughly the highest 2/3 of the current applied, 
indicating some relatively simple control of the 
electrochemical reaction. 

The three curves available for each were extrap- 
olated to the situation where no coulombs had been 
passed in the measurements, as follows: At a num- 
ber of currents, the quantity of electricity passed in 
each determination of polarized potential was cal- 
culated. The potential was then plotted as a func- 
tion of Q (or of At/AlI, the reciprocal of the rate of 
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Fig. 2h 


application of current, which is proportional to Q 
at any given current)* and extrapolated to zero. The 
resultant “zero Q” polarization curves are shown on 
the plots of Fig. 2 as dashed lines. 

Two examples of this extrapolation are shown in 
Fig. 3. The E vs. Q plots of the following systems 
were straight lines similar to those of aluminum 

* Having the x-axis values the same on the plot (Fig. 3) allows 


consistent extrapolation and a comparison of the extrapolation for 
the different currents chosen. Since, with a constant rate of cur- 


1 At 
rent increase, Q = —I’? ——, Q is proportional to At/AI at any given 
2 Al 
current. At different values of I only the proportionality factor is 
changed. 
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Fig. 2k 


anodic (Fig. 3a): Al cathodic and anodic, most Ta 
anodic, Nb cathodic, Y anodic, Cu cathodic and 
anodic, a few initial Ni anodic, Co anodic, V cath- 
odic and anodic, and most of the Ti anodic curves. 
The remainder of the extrapolations are from E vs. 
Q curves similar to those of Fig. 3b. Where no Q = 
0 curve is shown in Fig. 2, either there is no neces- 
sity because there is no dependence on AI/At, or the 
extrapolation of the E vs. Q curve has been con- 
sidered too uncertain, as for example the cathodic 
cobalt curve. 

In addition to the metals indicated in Fig. 2, four 
others have been studied but not reported. Zinc and 
cadmium showed very poor reproducibility in po- 
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Fig. 2n 


larization behavior so that no representative families 
of curves could be drawn. Magnesium corroded in 
an irregular manner, pitting near the gasket; po- 
larization studies seemed of doubtful applicability. 
Zirconium showed quite steep polarization curves. 
It has not been investigated in any detail simply 
because of the inconvenience associated with the 
modification of the apparatus which would have 
been necessary. 
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Fig. 2p 


Discussion 

The primary purpose of this effort is to present 
polarization behavior of metals in boiling, distilled 
water, and little detailed analysis will be attempted. 
Part of the reason for this is the indication during 
the work that more detailed study (and data) of 
any one system will be required before it will be 
possible to analyze it successfully. Such a detailed 
study is intended to be the next phase of this in- 
vestigation. 

However, it is deemed fruitful to point out a few 
things about the present results. For most cathodic 
and anodic curves, increasing the rate of application 
of the current (and hence decreasing Q at a given 
current) decreased the polarization. This suggests 
that changes induced by applied current increased 
the polarization voltages observed. During anodic 
polarization of film formers the effect very likely 
accompanied some anodization. In the other cases, 
the various corrosion phenomena mentioned in the 
first paragraphs of this paper (or perhaps impurities 
in the solution) might have been involved. The con- 
tribution of the non-faradaic current to this effect 
is apparently minor, as will be seen later. 

No results are reported as to the effect of expo- 
sure time on polarization characteristics. It is to be 
borne in mind that, for many of the metals, corro- 
sion rates were changing as a function of time and 
similar changes in polarization behavior as a func- 
tion of time are to be expected. The observed varia- 
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Fig. 3. Two examples of E vs. q curves used to determine 
the AT/At = o curves of Fig. 2. Fig. 3a (top). Anodic 
polarization of Al; Fig. 3b (bottom), cathodic polarization 
of Ta. 


tions in polarization may also have been a result of 
variation in the corrosion behavior. 

As anticipated, there is a general relation be- 
tween the slope of the polarization curves, or the 
over-all retardance, and the corrosion rates. Data 
are not considered accurate enough to compare “po- 
larization resistances” or retardances at zero ap- 
plied current with corrosion rates. 

Iron, cobalt, and yttrium showed a reversal in 
anodic polarization curves, sometimes accompanied 
by irregular oscillatory changes in potential. Be- 
cause reproducibility was poor, dotted lines are 
used for the averaged curves shown. This behavior is 
reminiscent of that of some metals on the verge of 
passivity. 

The basic method of obtaining polarization curves 
by the method chosen, and extrapolation to Q = 0, 
is subject to criticism. It was chosen because it ap- 
peared to offer more promise than alternatives in 
deriving the most instructive information. 

For the continuously changing current method, 
there is a time lag involved in developing polarized 
potentials. If the corroding surface is approximated 
by a resistor (R) and capacitor (C) in parallel, it 
is clear that at any time the polarization voltage 
across the resistor is made smaller because some 
current is used in charging the capacitor (non-fa- 
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radaic current). For the procedure used in this in- 
vestigation, where I = at (a is a constant, the rate 
of application of current), the error, AE, in assum- 
ing that all of the current is flowing through the 
resistor R, and thus that all charge transfer is fa- 
radaic, is given by 


AE = acr’| 1—exp(—_) | 
aCR 


Another way of expressing this is that an addi- 
tional time, At, will have to pass before the potential 
which one would want to have been reached at time 
t has actually been attained. The relation is that 
At = CR or AI = aCR. 

In the actual case, R can be assumed to be ap- 
proximately equal to the slope of the measured 
polarization curve. It is seen that the error is great- 
est at the highest values of C, R, and a. If C is as- 
sumed to be 10uF/cm’ or less (7-9), the error at the 
maximum R (in Fig. 2n) of about 2 x 10° ohms (at 
3ua), for a = 8 wa/min is 0.053 v, or 0.3 wa. Such 
errors seem substantial, but average deviations in 
the results (Table I) are observed to be greatest 
where polarizations are greatest, and the calculated 
errors are almost within experimental error. Also, 
most of the curves have considerably lower slopes 
and there the errors estimated in this way are in- 
significant. Thus the non-faradaic, or capacitance 
charging, part of the current does not seem signifi- 
cant in these measurements. 

It is clear that this type of error limits the rate at 
which the current can be increased and, hence, the 
reliability with which the extrapolation of polari- 
zation to Q = 0 can be made. In addition, the three 
rates of current increase provide only three points 
on the extrapolation curves. The extrapolation /s 
thus subject to more error than is desirable. Within 
the limits of accuracy indicated by the degree of 
reproducibility of the data, however, the curves 
given seem correct. 

A number of polarization diagrams (e.g., Ta) 
show low retardances at I = 0 for the infinitely fast 
(extrapolated) curves. The error analysis above 
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does not seem to provide an adequate explanation, 
although the per cent error does become large at 
very short times. Correction for the capacity error 
somewhat increases the slope of such Q = 0 curves 
at no applied current. This aspect of the polarization 
curve shapes must be viewed with suspicion, par- 
ticularly since the metals showing the phenomenon 
in question have low corrosion rates and would be 
expected to have rather high retardances at I = 0. 
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Their Growth and Their Importance in Electrolytic Capacitors 
D. Altenpohl' and W. Post 


Aluminium-Walzwerke Singen, G.m.b.H., Singen-Hohentwiel, West Germany 


ABSTRACT 


The composition and growth of hydrated aluminum oxide films and their 


dependence on water temperature, reaction time, SiO. content, and pH are 
discussed, with special reference to their influence on etched aluminum foils 


used in electrolytic capacitors. 


The nature of the oxide films present on alumi- 
num exposed to humid air or water of various tem- 
peratures is not always clearly understood. Metallic 
aluminum reacts with atmospheric humidity, pro- 


' Present address: Aluminium-Industrie A.G., Zurich, Switzerland. 


ducing a hydrated oxide film.* The annealing of 
unetched foil, such as the cathode foil used in 


* The term “hycrated oxide,”” as commonly used in the literature, 
also is applied here, although most of the water present forms a 
true hydroxide bond with aluminum, leaving only a small part 
that can be described as H»O molecules. It would therefore be more 
accurate to refer to aluminum hydroxides or mixtures of oxides 
and hydroxides. 
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electrolytic capacitors, generally results in an in- 
crease of this oxide formation. Etched aluminum 
foils also are usually equipped with a hydrated 
aluminum oxide layer, produced in deionized water 
of the greatest possible purity. 

All these oxide films are capable of exerting a 
decisive influence on the capacitor, either improving 
or worsening the formation process, or affecting 
shelf life, capacity, and power factor. For this rea- 
son a close examination of these oxides is vital. 


Theory Concerning the Growth of Hydrated 
Oxide Films 


The presence of a hydrated oxide layer, produced 
under carefully controlled conditions in double- 
distilled or deionized water, can be extremely bene- 
ficial. One of its principal advantages is protection 
against corrosion during storage. Its growth criti- 
cally depends on the water temperature used. Tem- 
peratures below about 75°C result in relatively thin 
layers consisting of bayerite (AIl,O,-3H.O) and 
other, undefined, aluminum hydroxides. The water 
content of these layers depends largely on drying 
conditions; it generally ranges between 35 and 70% 
(Bayerite has a theoretical water content of 35%.) 

Above 75°C, x-ray or electron-diffraction photo- 
graphs reveal the presence of boehmite (Ai.O, - 
1H,O). 

Both the film thickness and the percentage con- 
tent of boehmite increase with increasing tempera- 
ture and longer reaction time. Between 75° and 
120°C the oxide layer gradually reaches, after sev- 
eral minutes of exposure, a thickness between 600 
and 3000A. Figure 1 shows x-ray diffraction pat- 
terns of (top) bayerite, (middle) boehmite, and 
(bottom) a boehmite-containing hydrated alumi- 
num oxide layer generated on high-purity foil at 
about 90°C. The presence of boehmite can be seen 
clearly, but there are amorphous hydrated oxides 
present, which cannot be detected by x-ray diffrac- 
tion. 


ETCHED SUPERPURITY FOIL. GENERATED 
AT ABOUT 90°C. CONTAINS BOEHMITE. 


Fig. 1. X-ray diffraction of three different hydrated alum- 
inum oxides. 


HYDRATED OXIDE FILMS ON ALUMINUM 


OXIDE FILM "29 OF 
GENERATED 


PURE BOEHMITE (MINERAL) 


0 100 200 300 600°C 


Fig. 2. Differential thermoanalysis (M = maximum of 
water desorption). 


Infrared spectral analysis and differential thermo- 
analysis (D.T.A.)* also have proven to be powerful 
tools in the investigation of hydrated aluminum 
oxides. Both revealed the possible presence of tri- 
hydrates in films in which x-ray diffraction photos 
indicated only the presence of boehmite. 

Figure 2 shows a comparison of oxide layers pro- 
duced at (top curve) 98° and (middle curve) 155° 
with mineral boehmite (bottom curve), where M 
stands for the maximum water evaporation, arrived 
at by D.T.A. It will be noted that in mineral boeh- 
mite the maximum lies near 550°, whereas in a film 
containing a good deal of bayerite it is near 350°C. 
This shows that the layer produced in 155° water 
vapor contains the greatest percentage of boehmite, 
whereas the 98° film, having its maximum around 
350°, is within the realm of the trihydrates. It seems 
that the bayerite content of the films decreases and 
the boehmite content increases with increasing re- 
action temperature. Certain undefined hydroxides 
also are present in the film, shown by D.T.A. or 
infrared as probably consisting of trihydrates. 

Even minute contaminations in the water used 
for generating the hydrated oxide can exert a power- 
ful influence of film formation. The principal dis- 
turbing contaminants are chloride ions and silicon 
dioxide. The danger of chloride contamination is 
common knowledge; we will therefore confine our- 
selves to recent developments concerning the silicon 
dioxide influence. 

Films created in SiO.-containing water were 
found to be more readily soluble in acids than those 
made in SiO.-free water. Figure 3 shows that, with 
equal conditions of temperature and reaction time, 
layers produced in deionized water without SiO, 
additive are considerably thicker than when SiO, is 
present. Even the presence of only 1 ppm of SiO. 
can reduce film thickness by as much as 50%. It was 
found also that films produced in water containing 
1 or 2 ppm SiO, result in instability of the forming 
films in the capacitor. The reasons for this are not 
yet fully understood. The presence of SiO, in any 
measurable concentration (above approximately 1 
ppm) seems to promote the growth of a hydrated 
oxide film of unfavorable structure, which subse- 


%In differential thermoanalysis two containers are heated simul- 
taneously and their temperature differential plotted by means of 
thermocouples. Container A holds anhydrous (calcined) aluminum 
oxide, while container B holds the test sample for which the 
thermal behavior is to be determined. 
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Fig. 3. Influence of SiO, content of boiling deionized water 
on thickness of hydrated oxide film. 
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Fig. 4. Influence of pH of water on leakage current of foil 


quently has a deleterious effect on the growth of the 
forming layer. 

In any event, the initial oxidation step has very 
critical effects on subsequent oxidation. It is there- 
fore of utmost importance to avoid any possibility 
of silicon dioxide contamination in the deionized 
water used or in the equipment. In order to be cer- 
tain that all silicon dioxide is removed effectively, 
only strongly basic and highly effective ion ex- 
changers must be employed in the deionization 
process. 

Another very critical factor is the pH of the water. 
Our investigations along these lines have been re- 
ported in U.S. Patent No. 553 205, in which it was 
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Fig. 5. Formation in presence of hydrated oxide film. 
Growth of the dielectric underneath a hydrated film. 
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shown that the fully deionized water used for ap- 
plying the oxide layer should have a pH < 7. pH 
values between 5 and 6 result in films which have 
a beneficial effect on the capacitor. If necessary, the 
PH has to be maintained by the addition of chloride- 
free acid substances. Figure 4 shows that the leak- 
age currents of formed foils increase as the pH in 
the water increases. 

Excessive variations in storage temperature, as 
well as high atmospheric humidity, cause hydrated 
aluminum oxide layers to continue growing. For 
this reason, packing and storage must be handled 
carefully. This is especially important for oxide 
films of less than 500A thickness. 


Effects of Hydrated Oxide Layers on 
Electrolytic Capacitor Foils 


The application of a hydrated oxide layer after 
etching becomes necessary because at this stage the 
foil is not protected against corrosion by its natural 
oxide film. 

The type of hydrated oxide to be used depends 
entirely on the final use of the capacitor. When alu- 
minum foils with hydrated oxide layers are formed, 
the dielectric grows underneath the hydrated oxide 
film. Figure 5 shows how the latter is actually lifted 
by the forming layer and is partly consumed by it. 
In an electrolytic capacitor the hydrated oxide layer 
is penetrated only partly by the electrolyte, the re- 
mainder acting as a dielectric. 

Thick hydrated oxide layers are particularly de- 
sirable on anodes for high- and medium-voltage 
electrolytic capacitors for d.c. (above about 100 v), 
because they greatly reduce the forming-current 
consumption. As pointed out before, it is advisable 
to build up such layers only immediately prior to 
formation. If there is too much of a delay, an un- 
favorable aging process takes place, which has up to 
now defied analysis. No difference of thickness or 
composition could be detected between fresh and 
aged films developed, but examination after form- 
ing revealed a very definite difference (Fig. 6). Al- 
though the hydrated oxide films may have identical 
thicknesses prior to forming, a smaller percentage 
of readily soluble oxide was found in layers that 
had been applied immediately before forming than 
in those that had been stored for two weeks be- 
tween application and forming. Figure 6 shows the 
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approximate composition of two layers after forma- 
tion, determined by dissolving the soluble part in a 
phosphoric-chromic acid mixture (1). Thus a freshly 
made hydrated oxide layer results in a larger per- 
centage being transformed into a dielectric than is 
the case with an oxide layer that has been stored. 

The favorable effect of immediate formation is 
further confirmed in motor-starter capacitors which, 
when made with aged hydrated oxide films, heat up 
quickly and show other untoward attributes, while 
those made with fresh films show none of these 
difficulties. This is undoubtedly due to the smaller 
dielectric loss in the latter film. 

The unfavorable influence on dielectric loss can 
be explained by the fact that any water molecules 
or hydroxide structures present in the dielectric in- 
crease the dielectric loss because they oscillate in 
the a-c field and thereby absorb energy, thus in- 
creasing the power factor. From this it can be con- 
cluded indirectly that in the case of freshly hydrated 
oxide films water is eliminated from the consumed 
portion of the film whenever this portion crystal- 
lizes into y-aluminum oxide under the influence of 
a high electric field. On the other hand, when an 
aged film is partly consumed by the dielectric film, 
the change from hydrated to water-free aluminum 
oxide is less complete, and residual water remains 
in the dielectric. 

Another possible explanation of this phenomenon 
is that the aged film is not penetrated as deeply by 
the electrolyte and that therefore a larger part of the 
hydrated oxide layer acts as a dielectric. In other 
words, Fig. 6 does not give the whole story, since 
it ought also to indicate the extent to which the di- 
electric penetrates the hydrated top layer. In any 
event, there is no sharp border line between the 
penetrated top layer and the dielectric, but rather 
a zone of continuous transition. 

For low-voltage electrolytic capacitors, especially 
for very low voltages, the hydrated oxide films 
should be kept as thin as possible. Of course, it is 
virtually impossible to have an oxide layer of less 
than 100A after etching and washing. Approxi- 
mately 10-30A constitutes the so-called barrier 
layer, a nonporous oxide layer that acts as a dielec- 
tric at the bottom of the film. The electric field 
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strength in this barrier layer amounts to about 
14A/v; therefore the barrier layer, the thickness of 
which is more or less constant irrespective of the 
hydrated layer above it, alone accounts for a drop 
of 1 or 2 v. The capacitance of unformed aluminum 
foils drops as the hydrated oxide film gets thicker 
because layers are penetrated only partly by the 
electrolyte. The same is true for unetched cathode 
foil which, after storage in humid air, can have 
hydrated oxide films of as much as 100-500A. Since 
the capacity of an electrolytic capacitor depends on 
the oxide films of both electrodes, this can seriously 
influence capacitor efficiency, especially for low 
forming voltages. 
Summary 

In conclusion, it may be observed that our knowl- 
edge concerning the growth of hydrated aluminum 
oxide films and their influence on the dielectric 
characteristics of electrolytic capacitors is still very 
limited. Empirical studies made with data gained 
from finished capacitors are useful to some extent 
in determining factors that influence the growth 
and structure of hydrated oxide films, but more sys- 
tematic studies are needed to increase our funda- 
mental knowledge in this field. High-purity alumi- 
num foil now is used extensively to increase the 
shelf life of the capacitors, but more attention 
should be paid to the hydrated oxide films present 
prior to formation because, as has been shown, they 
have a very decisive influence on the quality of the 
capacitors. In some cases, as in motor-starter or 
low-voltage capacitors, the nature of the hydrated 
oxide film may be fully as important as the metal 
purity. 
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ABSTRACT 


Satisfactory immersion plating processes have been developed for the dep- 
osition of palladium, rhodium, ruthenium, and platinum up to thicknesses of 50, 
30, 100, and 65 uw in., respectively. These coatings may be sealed by various 
means, including immersion in boiling water, in ammonium hydroxide, or in a 
replacement gold solution. Adherent coatings which provide useful wear-re- 
sistance in addition to protection against tarnish and corrosion have been de- 
posited on copper and certain copper alloys. 


Platinum group metals are characterized by high 
corrosion and tarnish resistance and, in the electro- 
deposited condition, by high hardness. This combi- 
nation of properties has led to the widespread use of 
plated coatings, notably of rhodium and palladium, 
as finishes for a variety of electrical contacts, where 
low and stable contact resistance coupled with re- 
sistance to mechanical wear is essential to effective 
operation. 

Satisfactory solutions for the application of coat- 
ings of rhodium, palladium, and platinum by electro- 
deposition have existed for many years, but more 
recently the growth of printed circuitry has stimu- 
lated interest in the possibilities of nonelectrolytic 
deposition, especially in view of the difficulty in 
many cases of making electrical connection to iso- 
lated areas of copper Such a process is also clearly 
of advantage in the plating of large numbers of 
small components, e.g., contact tags, etc. 

Nonelectrolytic processes are of two main types: 
(a) chemical reduction and (b) replacement. The 
advantages of the first type are that a wide variety 
of basis metals can usually be plated and that rela- 
tively thick deposits are obtainable. A disadvan- 
tage, however, is that, even when the process is of 
the autocatalytic type, metal tends to deposit, at 
least to some extent, on nonconducting areas. Elec- 
troless nickel plating is a well-known example of 
this type of process, and there has recently been de- 
scribed a procedure for the electroless deposition of 
palladium based on autocatalytic reduction of the 
metal from a solution of palladous chloride in am- 
monia which is stabilized by ethylene-diamine- 
tetra-acetic acid (1). 

Replacement processes eliminate the main dis- 
advantage of chemical reduction processes in rela- 
tion to the plating of printed circuits in that the re- 
placement deposit discriminates completely between 
metallic and nonmetallic areas, but in this case the 
general disadvantage is that the deposit is normally 
extremely thin due to the self-sealing effect of the 
deposited metal. 

Although it has been claimed that replacement 
coatings of rhodium only a few molecules thick 
exert considerable protective value on copper (2), 
it is unlikely that such extremely thin coatings 


would confer any useful degree of wear-resistance 
to the surface. 

The aim of the present work, which relates to 
immersion coatings of palladium, rhodium, plati- 
num, and ruthenium, was to develop a satisfactory 
procedure for the production of adherent coatings 
on copper and certain copper alloys of sufficient 
thickness to provide useful wear-resistance in addi- 
tion to protection against tarnish and corrosion.’ 


Experimental 


Deposition of palladium.—Attention was initially 
directed to palladium since this metal is already of 
considerable interest as an alternative to gold in the 
finishing of printed circuit end connectors in view of 
its good contact properties, high hardness (ca. 350 
D.P.N), excellent solderability, and relative cheap- 
ness. It is evident that increase in thickness of a 
replacement deposit can be achieved only at the ex- 
pense of encouraging some porosity of the deposited 
metal to permit the replacement reaction to con- 
tinue, and it seemed likely that suitable conditions 
might be established by carrying out the replace- 
ment process in a solution which would be fairly 
corrosive to the basis metal to give some attack of 
the latter without replacement. In the case of pal- 
ladium, and indeed of the other platinum group 
metals, acid chloride solutions were an obvious first 
choice for experiment. 

In the first instance a stock solution of palladous 
chloride was prepared in the conventional way by 
dissolving palladium sponge in aqua regia and 
evaporating the solution several times to near dry- 
ness, with the addition of hydrochloric acid. The es- 
sential product is chloropalladous acid, and it was 
later confirmed, as might be expected, that similar 
results to those described below, could be achieved 
using sodium or ammonium chloropalladite or solid 
palladium chloride as starting material. 

Exploratory tests were made to evaluate the ef- 
fect of variables such as palladium concentration, 
hydrochloric acid content, and temperature of de- 
position on the characteristics of the coatings. Pol- 
ished copper specimens were used, cleaning of 


1 The processes described in this paper are the subject of British 
Provisional Patent Applications No. 44424/59 and 5331/60. 
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which was carried out by wiping with acetone fol- 
lowed by soaking in a hot detergent solution, in 
order to conform with the essential nonelectrolytic 
nature of the process. 

With an initial palladium concentration of 5 g/l 
of métal, bright replacement deposits were obtained 
on copper over a fairly wide range of acid concen- 
tration. The thickness of deposits was, however, 
limited by the occurrence of exfoliation, and in this 
respect the concentration of hydrochloric acid was 
found to be extremely critical, the optimum con- 
centration being 250 ml/l of concentrated (32%) 
acid. Variations of 5% of either side of this figure 
resulted in a significant decrease in the maximum 
thickness of deposit obtainable prior to exfoliation. 
Under the optimum conditions adherent deposits up 
to 70 » in. thick were obtained consistently in an 
immersion time of 12 min at room temperature 
(25°C). In view of the nonstoichiometric nature of 
the process it was not possible to calculate deposit 
thickness by simple weight change of specimens; 
thicknesses were determined by the examination of 
carefully prepared microsections at a magnification 
of 2000, using a Vickers projection microscope. 

With the optimum concentration of hydrochloric 
acid, variations in the metal content of the solution 
in the range from 1 to 10 g/i had no significant ef- 
fect on the maximum thickness of deposits obtaina- 
ble. The initial content of 5 g/l was therefore re- 
tained for further studies. 

The effect of plating temperature was to increase 
the rate of deposition as shown in Fig. 1, but with- 
out improvement in the thickness of deposits. Room 
temperature operation is thus clearly to be pre- 
ferred as permitting closer control of deposit thick- 
ness as well as being more generally convenient. 
At a temperature of 25°C the rate of deposition was 
approximately constant up to the limiting time set 
by the onset of exfoliation. 

These exploratory experiments established that, 
allowing an adequate margin of safety in respect to 
the exfoliation factor, bright adherent replacement 
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Fig. 1. Effect of temperature on the rate of deposition of 
palladium on copper. 
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deposits of palladium at least 50 u in. thick could be 
produced consistently on pure copper at room tem- 
perature from a solution containing 5 g/l of metal 
and 250 ml/1 of hydrochloric acid. However, the 
brightness and good color of “as-plated” coatings 
was fairly quickly lost by tarnishing on exposure 
to the laboratory atmosphere, confirming the es- 
sentially porous nature of the coatings and indicat- 
ing the need for some form of “sealing” treatment. 

A number of treatments were tried to this end, 
based on the approach of attempting to develop in- 
soluble products in the pores of the coating by reac- 
tion of residual solution with a suitable reagent, 
e.g., potassium iodide, hydrazine, ammonia, and two 
most effective procedures were found to be: (a) 
immersion of the coating in boiling distilled water 
for 15 min; and (b) immersion in ammonia solution 
(1 part 0.880 ammonia to 2 parts water) for 5 min 
at room temperature. The boiling water treatment 
probably functioned by the leaching out of residual 
acid and the hydrolysis of residual salts, while in 
the case of the ammonia treatment there was the 
additional possibility of forming insoluble pallado- 
sammine chloride in the pores of the deposit. 

In view of the excellent properties of gold as a 
sliding contact surface, experiments were then 
made on the sealing of deposits by an immersion 
gold deposit, using a solution of the following com- 
position: potassium gold cyanide, 5 g/l; ammonium 
citrate, 20 g/l; urea, 25 g/l; temperature, 95°C; 
ammonium hydroxide (0.880 sg.), 1 ml/l added 
every 4 hr at plating temperature. Specimens which 
were immersed in this solution for 5 min following 
a quick water rinse after palladium plating, ac- 
quired a uniform gold color over the whole of their 
surface, and the composite coatings resisted tarnish 
for periods of up to six months of normal chemical 
laboratory exposure. 

All of the plating tests so far described were 
made in still solutions. It was noted that disturb- 
ance of the solution either by mechanical agitation 
or by movement of the specimen caused very early 
exfoliation of the deposit. This ruled out the use of 
this type of procedure as a conventional barrelling 
process for the treatment of large numbers of small 
components, but it was found that a modified pro- 
cedure in which rotation of an inclined barrel (in 
the present case a glass beaker of 500 ml capacity) 
was restricted to 5-sec periods at 2 min intervals 
during a total plating time of 8 min could be used 
successfully to plate small contacts of the telephone 
selector bank type. It is to be noted that, in a proc- 
ess of the replacement type, masking of items by 
one another during the “rest” periods is less of a 
disadvantage than would be the case in barrel elec- 
troplating since, provided that the components are 
wetted by a film of solution, the replacement reac- 
tion can proceed to a reasonable extent. 

Deposition of other platinum metals.—Following 
the experiments on palladium, similar tests were 
made on the deposition of rhodium, platinum, and 
ruthenium. Rhodium gave bright replacement de- 
posits up to 30 » in. thick at room temperature from 
a chloride solution containing 5 g/l of rhodium and 
250 ml/1 of hydrochloric acid. Platinum could not 
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Table |. Optimum conditions for the production of replacement 
deposits on copper from acid chloride solutions 


Deposit 


Metal Temp, °C Time, min thickness, in. 
Rhodium 25 10 30 
Ruthenium 95 30 100 
Platinum 65 8 65 
Palladium 25 8 50 


be deposited satisfactorily from chloride solutions 
with similar metal and acid concentrations at room 
temperature, but deposits up to 65 yu in. thick were 
readily obtained at a temperature of 65°C. No sat- 
isfactory deposits were obtained from acid-ruthe- 
nium chloride solutions, but excellent deposits up to 
0.0001 in. thick were produced from solutions based 
on ammonium nitroso ruthenium chloride or ru- 
thenium sulfamate, containing 5 g/l of metal and 
again 250 ml/l of hydrochloric acid. In each case, 
however, a high operating temperature was re- 
quired. The results of these experiments in terms of 
the time and temperature required to produce the 
optimum thickness of deposit are summarized in 
Table I, together with the corresponding conditions 
for palladium. 

Deposits of rhodium, ruthenium, and platinum 
were equally amenable to sealing by the treatments 
described for palladium, with the gold sealing proc- 
ess again preferred. Deposition rates for platinum 
and rhodium appeared to be reasonably constant up 
to the maximum plating time permitted, but in the 
case of ruthenium there was a gradual falling off in 
deposition rate with increase of thickness above 50 
p in. (Fig. 2). 

Life of plating solutions.—Tests on rhodium and 
palladium solutions show that at least 80% of the 
initial metal content could be utilized without de- 
terioration in the rate of deposition or in the gen- 
eral quality and appearance of the coatings, other 
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Fig. 2. Variation of thickness with time of immersion for 
deposits of palladium, rhodium, platinum, and ruthenium. 
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than an occasional loss of full brightness, which 
however could readily be restored by filtration of 
the solution. This corresponds to a coverage of at 
least 1000 in.* of copper with 50 » in. of deposit from 
1 liter of plating solution. 

Application of replacement deposits to other basis 
metals.—At present the application of the replace- 
ment plating procedure to basis metals other than 
pure copper has been studied mainly for palladium. 
Satisfactory deposits can be applied to brass, beryl- 
lium-copper, phosphor-bronze and _nickel-silver, 
and there are indications that deposits may be ob- 
tained on nickel and silver, but reactive metals such 
as iron, steel, zinc, magnesium, aluminum, and ti- 
tanium cannot be treated successfully by the proc- 
ess in its present form. 


Properties of Deposits 

Adhesion.—Up to the optimum thicknesses quoted 
in Table I the adhesion of deposits was consistently 
good on properly cleaned copper specimens. At- 
tempts to increase the thickness by prolonged im- 
mersion resulted in obvious exfoliation of the de- 
posits due to excessive attack of the basis metal. 
Adhesion was assessed by scraping deposits with a 
sharp blade while observing the surfaces under a 
binocular microscope, and by examination of a 
large number of microsections. A more graphic 
demonstration was provided by the results of a test 
in which a palladium deposit on the end connectors 
of a printed copper test pattern was subjected to 
400 insertions and withdrawals in a standard socket 
connector without removal of the palladium layer. 
Under similar conditions there was observed severe 
“spreading” of unprotected copper connectors, 
severe fragmentation of an electrodeposited coating 
of rhodium 0.0001 ir. thick. This result suggests 
equally that the immersion coatings possess a sur- 
prisingly good level of wear resistance, a factor 
which otherwise awaits more systematic assess- 
ment. 

Tarnish and corrosion resistance.——As already 
stated, the tarnish resistance of the platinum metal 
immersion coatings is low in the absence of some 
type of sealing procedure, the most effective process 
for this purpose being the immersion gold treat- 
ment. Composite platinum metal/gold coatings re- 
sist up to several months exposure in a chemical 
laboratory atmosphere, a result which suggests that 
they should give an effective protection to copper 
in the mildly corrosive atmosphere normally en- 
countered in electrical contact applications. In this 
type of exposure rhodium coatings appeared to be 
particularly effective. 2 

Preliminary exposure tests have also been carried 
out on immersion deposits of optimum thickness on 
copper in a sulfur dioxide cabinet under the condi- 
tions of B.S. 1224: 1959. This test is not particularly 
suitable for electrical contact finishes, but provided 
a useful relative assessment of deposit and sealing 
processes after 4 hr of exposure. As anticipated, the 
gold sealing process was the only sealing technique 

* British Standard for ‘ ‘Electroplated coatings of Nickel and Chro- 
mium” in which plated copper d in a trans- 
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which conferred any useful protective value on the 
coatings under the rather severe moist acid test con- 
ditions, and the protective power of the various 
platinum metal finishes with gold sealing appeared 
to depend on the thickness rather than the nature of 
the deposit, being greatest in the case of ruthenium 
(100 yin.) 

Qualitative observations during the course of the 
work indicated that the protective value of replace- 
ment coatings depends to a large extent on the sur- 
face finish of the basis metal, optimum results being 
achieved cn highly polished surfaces, which are 
conducive to the formation of deposits of uniform 
thickness and free from weak spots such as would 
be encouraged by the presence of surface asperities, 
particularly in a process involving some solution of 
the basis metal. 

Solderability—Among the advantages of electro- 
deposited palladium as a finish for printed circuits 
is the ready solderability of the deposits. It was of 
interest, therefore, to check the wettability of the 
replacement coatings by standard 60-40 lead tin 
solder. The procedure used was as follows: (a) 
clean surface with acetone; (b) dip in a resin- 
methylated spirit flux; (c) immerse in solder bath 
for 30 sec; and (d) examine for completeness of 
wettability. 

Palladium coatings on copper sealed by boiling 
water treatment or by the immersion gold process 
were readily wetted, even after several days stor- 
age. When the ammonia sealing process was used 
coatings showed poor wettability unless tested 
within 1 hr of preparation. Otherwise it was neces- 
sary to remove the seal by a dip in hydrochloric 
acid solution to achieve wetting. 

More difficulty was encountered in wetting coat- 
ings on brass. Good wettability of gold-sealed coat- 
ings was obtained by the above procedure only 
when the initial surface of the brass was polished 
to a high finish by buffing. Otherwise it was neces- 
sary to use a slightly active flux such as “Tricene.” 


Discussion 
From the nature of the replacement process, the 
deposit increases in thickness by downward growth. 
Therefore, the surface of the coating reproduces al- 
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Fig. 3. Microsection of palladium replacement coatings on 
copper. Magnification 2000X before reduction for publication. 


Fig. 4. Microsection of ruthenium replacement coatings on 
copper. Magnification 1000X before reduction for publication. 


most exactly that of the basis metal, both in contour 
and location. The latter aspect is of significance in 
the finishing of flush-bonded contact segments in 
high-speed switches where even minute differences 
in level between segments and insulator gaps may 
lead to severe wear on the wiping member. 

In view of the thinness of the coatings it is dif- 
ficult to resolve any detailed structure in microsec- 
tions, typical examples of which for palladium and 
ruthenium deposits are shown in Fig. 3 and 4. It is 
noteworthy that, whereas the palladium deposit is 
of fairly uniform thickness, there is, in the case of 
ruthenium, a tendency for considerably more local- 
ized attack of the basis metal, with the formation of 
characteristic “roots” of the coating into the basis 
metal. This difference in mode of growth of de- 
posits, which may be related to the difference in 
temperature of deposition, explains the greater 
thicknesses of ruthenium coatings attainable with- 
out exfoliation. 
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Injection 
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ABSTRACT 


Under the proper experimental conditions, which can be fulfilled in con- 


ventional electroluminescent ZnS powder dispersions in dielectric material or 
in luminescent films, the resistive component of the a-c current follows the 
diode equation (for forward bias) I= I’ [exp (V/V’) —1], where V is the 
applied rms voltage. The parameter I’ is proportional to exp (—E/kT) and V’ 
is proportional to temperature and phosphor layer thickness. Three independent 
determinations give the number of active forward-biased junctions per micron 
of ZnS phosphor as about 15. The forward currents are shown to be directly 
related to electroluminescence emission and are compared directly to a-c cur- 
rents in germanium p-n junctions. Irradiation effects on the conductance of a 
phosphor layer and a Ge photojunction are compared. D-C electroluminescence 
in ZnS at 2.0 v is also cited against the acceleration-collision theory, and the 


Electroluminescence (1, 2) is, at present, strong- 
est and most efficient in zinc sulfide-type phosphors. 
The actual excitation mechanism, or the source of 
the radiated energy, making the major contribution 
to such electroluminescence may be one of several 
processes which have been discussed in principle. 
Destriau (3), Curie (4), and Piper and Williams 
(5) have proposed the acceleration-collision mech- 
anism, in which all of the ionization energy accu- 
mulated by the (majority) carriers is derived from 
acceleration by the electric field; apparently this is 
the theory most popularly associated with electro- 
luminescence in zinc sulfide. However, minority 
carrier injection is thought to be primarily respon- 
sible for electroluminescence in a number of other 
materials, such as Si (6), Ge (6-9), SiC (10-12), 
GaP (13-16), and CdS (17-21) at least under cer- 
tain experimental conditions. Theories, of other 
possible mechanisms, which have been treated less 
completely in the literature include the “hot elec- 
tron” model (22, 23), field ionization (24) or Zener 
effect, and, most recently, the idea of electrolumin- 
escence due to minority carrier accumulation (25). 

The purpose of this paper is to present experi- 
mental evidence in support of the proposition that 
the well-known electroluminescence in zinc sulfide 
is actually due to minority carrier injection, rather 
than to acceleration and collision of majority car- 
riers. There is much recent interest (11-15, 26-28) 
in electroluminescence in materials which are good 
well-behaved semiconductors but, in a sense, poor 
phosphors. Conversely, evidence such as presented 
in this paper of normal semiconductor behavior in 
materials such as zinc sulfide and related com- 
pounds, which are good phosphors but in many 
ways poor semiconductors, may shed light on their 
luminescence properties. The wealth of semicon- 
ductor knowledge, if brought to bear on phosphor 
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major arguments in its favor are discounted. 


materials, should lead to great progress in lumin- 
escence. 


Experimental Results 

Current-voltage relationships in electrolumines- 
cent materials——The relations among brightness, 
voltage, power absorption, and efficiency of elec- 
troluminescent phosphors are measured and studied 
regularly (2, 3, 29). One important relation which 
has been neglected is the dependence of (resistive) 
current in the phosphor on the applied voltage. It 
is an important characteristic for two reasons: (a) 
the current flowing (not including the capacitive 
current, which in all cases has been eliminated in 
this paper) may be simply related to the electro- 
luminescence emission, and (b) this current is re- 
sponsible for power absorption in the phosphor and 
therefore determines the efficiency of light emis- 
sion. The current-voltage relationship in conven- 
tional electroluminescent phosphors is, under the 
proper conditions, a particularly simple exponential 
dependence given by Eq. [1], where I’ and V’ are 
parameters independent of voltage. 


—1) [1] 


For example, the total alternating current was 
determined in a “Rayescent” Safety Light by meas- 
uring the rms voltage across a series resistor. This 
lamp comprised green-emitting ZnS:Cu,Cl phos- 
phor in a plastic dielectric (PVCA) and was meas- 
ured at 1000 cps. The capacitance was calculated 
from the current at low voltage, and the capacitive 
current subtracted from the total current at each 
voltage. Results are shown in A of Fig. 1. The solid 
curve is calculated from Eq. [1]. The good fit is ob- 
tained even though the capacitance is actually not 
constant but in general increases with voltage (30, 
31) by a factor of the order of 10-20%. All alter- 


1 Trademark, Westinghouse Electric Corporation. 
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Fig. 1. Current-voltage characteristics of two conventional 
sprayed green-emitting ZnS:Cu,C! powder-in-dielectric lamps. 
| is the resistive (rms) current component at 1000 cps and I’ is 
a constant. Solid curves follow Eq. [1]. 


nating current data in this paper (with the excep- 
tion of curve 1-A) were obtained with the use of a 
high-voltage bridge® in which capacitance and con- 
ductance of the lamp are measured, correcting for 
stray capacitance and conductance of the bridge. 
Light emission in foot-lamberts was measured 
simultaneously. The rms current is calculated from 
the lamp conductance; no use is made of the capaci- 
tance measurement. Curve B of Fig. 1 represents 
a similar phosphor layer with, however, a higher 
weight ratio of phosphor to dielectric so that most 
of the applied voltage appears across the phosphor; 
these are bridge measurements at a frequency of 
1000 cps.’ The solid curve was calculated from Eq. 
[1]. 

The current, as described by Eq. [1], depends 
only on the field strength applied to the phosphor. 
This was determined by varying the phosphor layer 
thickness “d” (Fig. 2). The upper curves (A) are 
Eq. [1] fitted to data on sprayed phosphor powder 
layers of blue-emitting ZnS:Cu,Cl with thicknesses 
in the ratio 1:2:3. The lower curves (B) represent 
yellow-emitting ZnS:Cu,Mn,Cl phosphor layers 
with thicknesses in the ratio 1:2:4. The straight 
plots are log (I + I’) vs. V/d. The point at highest 
voltage for each thickness is in the region of break- 
down. 

In Eq. [1], V should represent the potential dif- 
ference actually appearing across the phosphor, 
rather than that across the phosphor layer includ- 
ing dielectric material. If the volume fraction of 
phosphor is appreciably less than unity this will not 
be the case and, furthermore, the voltage fraction 
appearing across the phosphor will vary with the 


2Since the phosphor layer has a nonlinear current-voltage char- 
acteristic, a minimum rms signal is not sufficient to determine 
bridge balance. Instead, an oscilloscope was used as detector and 
balance taken as the point of zero phase difference and zero slope 
at the origin. 


2H. F. Ivey points out that the small periodic deviations in Fig. 1 
are reminiscent of similar deviations in the characteristics of therm- 
ionic cathodes; see also W. A. Thornton, Phys. Rev., 102, 38 (1956), 
Fig. 10 
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Fig. 2. Dependence of rms current on electric field strength, 
in phosphor-plastic layers with varying thickness of blue- 
emitting ZnS:Cu,Cl (A) or yellow-emitting ZnS:Cu,Mn,Cl (B) 
at 400 cps. Solid curves follow Eq. [1]. 


magnitude of the applied voltage (30, 31). There- 
fore the behavior of parameters I’ and V’ of Eq. [1] 
with variation in phosphor volume fraction is not 
strictly meaningful, and large departures from Eq. 
[1] occur when much dielectric material is present 
either as the material in which powder phosphor is 
embedded, or as an additional nonluminescent layer. 
Series impedance of course causes semiconductor 
diodes to deviate from Eq. [1] under all but the 
most ideal conditions also. Figure 3 shows the cur- 
rent-voltage characteristic of a bare ZnS:Cu,Cl 
film (32) (curve A) where the solid curve is Eq. 
[1], and also a characteristic of the same film with 
an insulating plastic coating (curve B). The data 
were normalized at low voltage and show the devi- 
ations at high voltage from Eq. [1] where the di- 
electric material is present. At low voltages the 
capacitive reactance of both electroluminescent 
films and powder layers is normally about ten times 
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Fig. 3. Current-voltage characteristic of a blue-emitting 
ZnS:Cu,Cl film, bare (A) and coated (B) with an insulating 
plastic layer, 400 cps. Curve A follows Eq. [1]. 
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Fig. 4. Dependence of V’ (see Eq. [1]) on the volume 
fraction f of phosphor powder (ZnS:Cu,Cl) in a conventional 
sprayed phosphor-plastic layer (Curve A), and the calculated 
dependence (Curve B) of f/a on f, where a is the voltage 
fraction on the phosphor proper. 


0.03 fe) 


less than the resistance, and the resistance is not 
strongly voltage dependent. Therefore, at low volt- 
age, the voltage fraction a on the phosphor of a 
phosphor-dielectric mixture can be assumed con- 
stant and due to capacitive division; under this re- 
striction, V’ in Eq. [1] was determined as a function 
of the volume fraction f of powder phosphor (ZnS: 


Cu,Cl) in the phosphor-plastic layer, letting V 
represent the total applied voltage as before. Figure 
4 shows a plot of V’ vs. f and also, for reasons dis- 
cussed later, a calculated plot of f/a vs. f, where 
f/a = f + x (1—f) andz 10 is the assumed 
ratio of permittivities of phosphor and dielectric 
material. Insofar as the shapes of the curves are 
similar, parameter V’ is roughly proportional to f/a. 
The highest experimental value of f in Fig. 4 is 
0.75. This corresponds roughly to the volume frac- 
tion of close-packed (identical) spheres, and at this 
value the phosphor particles are likely to be in con- 
tact. This means that the effective experimental 
value of f, as far as voltage division is concerned, 
is unity, and the curves of Fig. 4 would roughly 
coincide. 
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Fig. 5. Current-voltage characteristics of a ZnS:Cu,Cl pow- 


der phosphor at three representative temperatures; 400 cps. 
Solid curves follow Eq. [1]. 
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Fig. 6. Dependence of the parameter |’ (see Eq. [1]) on 
temperature before (A) and after (B) subtraction of a ‘‘leak- 
age’’ component independent of temperature. ZnS:Cu,Cl, 400 
cps. 


The temperature dependence of parameters I’ and 
V’ was determined for a green-emitting ZnS:Cu,Cl 
phosphor powder in PVCA, between 100° and 
400°K, at 400 cps. Representative current-voltage 
plots are shown in Fig. 5. The plotted point at high- 
est voltage is near breakdown in each case, and the 
curves are calculated from Eq. [1]. The dependence 
of parameter I’ on temperature is shown in Fig. 6 
both before and after subtraction of a “leakage” 
component I’, independent of temperature; the cor- 
rected point at the lowest temperature cannot be 
determined accurately of course and is not shown. 
The dependence of parameter V’ on temperature is 
shown in Fig. 7 both before and after correction as 
follows: I = I’ when V = V’ In 2. The leakage con- 
ductance I’,/(V’ In 2) was subtracted from the ex- 
perimental conductance values and new values of 
V’ obtained. The plots at high temperature (Fig. 5) 
allow a rough determination of intercept I’ but are 
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Fig. 7. Dependence of the parameter V’ (see Eq. [1]) on 


temperature, before (A) and after (B) correction as in Fig. 6. 
ZnS:Cu,Cl, 400 cps. 
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Fig. 8. Dependence of the current-voltage characteristics 
of a ZnS:Cu,Cl film on frequency and a suggested equivalent 
circuit with similar properties. 


too short, due to breakdown, to allow the slope 
parameter V’ to be determined with any accuracy, 
and these are omitted in Fig. 7. 


The frequency dependence of the current-voltage 
characteristic was determined for a ZnS:Cu,Cl 
powder phosphor layer (in PVCA) and for a ZnS: 
Cu,Cl film; the latter results are shown in Fig. 8, 
and the behavior of the powder phosphor is similar. 
With increasing frequency, I’ increases very rapidly 
and V’ changes much less rapidly, for both phos- 
phor powder and film; that is, the impedance of the 
layer decreases rapidly with increase in frequency, 
and changes from an exponential toward a linear 
characteristic. Similar behavior is shown by the 
diode-capacitor circuit also shown in Fig. 8, in that 
current at constant voltage increases rapidly with 
increase in frequency, and yet much of the expo- 
nential current-voltage behavior is retained if the 
capacitance values are properly related to the 
diodes. 

Since the radiant efficiency of electroluminescence 
is quite low, it is not obvious that the measured 
currents are directly related to light emission. Such 
a relation can be established in an indirect manner 
by means of the following experiment. The cur- 
rent-voltage characteristics of a series of forty-nine 
ZnS:Cu,Cl phosphor,’ varying only in the addi- 
tions of copper and chlorine, were measured and 
fitted by Eq. [1] and the parameters I’ and V’ deter- 
mined. Contours of equal I’ or V’ are shown in Fig. 
9, where the axes are gram atom per mole of cop- 
per or chlorine added before firing. Also shown in 
Fig. 9 are contours of equal radiance, measured for 
each phosphor at constant field strength and fre- 
quency. Maximum emission occurs in the region of 
extremal values of I’ and V’, and the configurations 
of the families of contours are quite similar. The 
indication is, therefore, that the measured currents 
are directly related to the photon emission of the 
phosphor. 


‘Kindly suppiied by W. Lehmann. 
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Fig. 9. Equal-value contours of the parameters I’, V’ (see 
Eq. [1]), and radiance (emitted watts/cm*) of a series of 
ZnS:Cu,Cl phosphors varying in amount of copper and chlorine 
added. 


The currents flowing in a strongly electrolumin- 
escent phosphor and in an otherwise similar but un- 
activated material were compared; the unactivated 
ZnS was fired and subsequently treated in exactly 
the same manner as the luminescent material ex- 
cept that the copper and chlorine were omitted. The 
conductance of the unactivated material was very 
small and independent of voltage. The current flow- 
ing in the electroluminescent material followed 
the exponential relation [1] and exceeded that in 
the unactivated material by a factor of 1000 at high 
voltage. 

The type of dielectric medium apparently has 
little effect on the alternating currents flowing in 
the phosphor. Figure 10 shows the exponential cur- 
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Fig. 10. Current-voltage characteristics of (A) ZnS:Cu,Cl 
powder phosphor in ceramic dielectric, (B) the same phosphor 
in air dielectric (dry powder layer), (C) a ZnS:Cu,Mn,Ci film 
with electrodes in direct contact with the film, and (D) a 
similar ZnS:Cu,Cl film; 400 cps. 
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Fig. 11. Curve A: current-voltage characteristics of a 1N34 
germanium diode under d-c or 400 cps a-c excitation; top volt- 
age scale; Curve B: comparison of current-voltage characteris- 
tics of the 1N34 diode at 400 cps (crosses), a ZnS:Cu,Cl phos- 
phor powder in oil dielectric at 400 cps (open circles), a simi- 
lar phosphor in plastic at 4000 cps (dots), and a ZnS:Cu,Mn,Cl 
phosphor powder in plastic at 400 cps (closed circles); bottom 
voltage scale. 


rent-voltage characteristics observed on phosphor 
powder layers (A) with glass dielectric, (B) with 
no dielectric other than air, and on two films (with 
no dielectric layer) of ZnS:Cu,Mn,Cl (C) and 
ZnS:Cu,Cl (D). Similar characteristics have been 
observed with a variety of plastic dielectric mate- 
rials, and with electroluminescent Zn(S,Se):Cu,Cl, 
ZnSe:Cu,Cl, (Zn,Hg)S:Cu (33) and CaS:Cu,Eu 
(34) phosphors as well. 

Comparison to diode characteristics.—The simi- 
larity between current-voltage characteristics of 
diodes and electroluminescent phosphors is illus- 
trated in Fig. 11. Curve A represents data on a 1N34 
germanium diode with d-c or 400 cps a-c voltage 
(rms); note that the behavior is the same. Curve B 
represents data on the same diode at 400 cps 
(crosses) up to higher forward voltages, and also 
measured (and normalized) currents in ZnS:Cu,Cl 
powder phosphor in oil dielectric at 400 cps (open 
circles), the same powder phosphor in plastic at 
4000 cps (dots), and ZnS:Cu,Mn,Cl powder phos- 
phor in plastic at 400 cps (closed circles). 

There is also similarity between the behavior of 
the usual phosphor powder-dielectric layer and a 
germanium p-n junction under illumination. The 
a-c conductance at 400 cps of a sprayed lamp of 
green-emitting ZnS:Cu,Cl in PVCA at 50 v rms 
(A) and that of an RCA 7467 photojunction cell 
(germanium p-n junction) at 0.1 v rms (B) are 
shown in Fig. 12 as functions of the intensity of il- 
lumination from an unfiltered Osram HBO107 high- 
pressure mercury-vapor lamp. Roberts (35) ob- 
tained results similar to curve A of Fig. 12 on the 
same type of phosphor-dielectric layer, and Ince 
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Fig. 12. Dependence of a-c conductance on irradiation of 
(A) a ZnS:Cu,Cl powder phosphor in plastic at 50 v rms, and 
(B) an RCA 7467 photo-junction cell (germanium p-n junction) 
at 0.1 v rms; 400 eps. 


and Oatley (36) mention the same effect. In Fig. 13 
the differences between conductance in the dark 
and with illumination are plotted as functions of the 
radiation intensity. 

Light emission vs. current and low-voltage char- 
acteristics —The variation of electroluminescence 
emission under a-c and d-c excitation for a powder 
phosphor (crosses) and for a film (open circles) is 
shown in Fig. 14 as a function of current; the plots 
have been shifted arbitrarily for comparison. Light 
emission increases as the square of the current, with 
d-c excitation of both powder’ and film, apparently 
without limit (the brightness at the uppermost 
point in the film plot is about 600 ft-L). With a-c 
excitation, the light emission first increases even 
more rapidly and then apparently approaches a 
limit at high currents. While the electrolumines- 
cence efficiency (photons per watt or photons per 
ampere) increases rapidly and continuously with 
d-c excitation, the efficiency with a-c excitation 
(29) peaks and falls rapidly with increase in power 

5 Electroluminescent powder phosphors are generally strongly 
responsive to d-c excitation, and no appreciable differences in d-c 
behavior between powder phosphors and films have been noted; 
the difficulty in the case of the powders is, of course, to establish 
large area electrodes in good contact with the particles, and also 


particle-to-particle contact to enable current flow. See, for example, 
W. A. Thornton, Bull. Amer. Phys. Soc. II, 3, 233 (1958). 
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Fig. 13. Difference in a-c conductance (light minus dark) as 
a function of radiation intensity for the cells and operating 
conditions of Fig. 12 but with the positions of the curve 
shifted arbitrarily for convenience. 
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Fig. 14. Electroluminescence light emission as a function 
of current for ZnS:Cu,Cl powder (crosses) and film (open 
circles) for both d-c excitation (straight plots) and a-c excita- 
tion at 400 cps (curves). 


or current. To date, however peak a-c efficiencies 
greatly exceed maximum d-c efficiencies. 
Electroluminescence of ZnS films with a-c exci- 
tation has been observed (37) down to 1.5 v rms 
(2.2 v peak) which is less than the band gap of zinc 
sulfide or the (blue) photon energy equivalent. 
Electroluminescence of ZnS phosphor powder layers 
has been observed at 2.0 v rms. More recent meas- 
urements (38) with d-c excitation of films show 
emission to 2.0 v d-c with no indication of a thres- 
hold (Fig. 15); light emission could not be differ- 
entiated from noise at lower voltage. With d-c 
emission, also, an exponential increase of current 
with voltage is observed (Fig. 16); therefore, for- 
ward bias conditions exist and any contact poten- 
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Fig. 15. The d-c emission at low voltages of a thin film of 
ZnS:Cu,Mn,Cl. 
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Fig. 16. Current-voltage characteristics of an electro- 
luminescent ZnS:Cu,Mn,Cl film and a ZnS:Cu,Cl powder with 
d-c excitation. 


tials present will reduce, rather than augment, the 
total applied potential difference. Hence the data 
of Fig. 15 indicate that electroluminescence occurs 
at total effective voltages far less than the band gap 
of the luminescent crystal and less than the mean 
energy of the photons emitted. 


Discussion 

Interpretation on the basis of forward-biased 
junctions.—The current-voltage characteristics of 
electroluminescent ZnS phosphors given in this 
paper suggest that the controlling elements in the 
phosphor are forward-biased metal-semiconductor 
junctions or p-n junctions behaving in the usual 
manner, as typified by Eq. [1]. In a typical phos- 
phor layer, a large number of such junctions proba- 
bly lie in series, since Fig. 2 shows that the current 
depends only on the average electric field and not 
on the amount of phosphor (number of junctions) 
in series in the phosphor layer; the conversion to 
orange emission by the manganese in ZnS:Cu,Mn, 
Cl phosphors does not appear to alter the charac- 
teristics of the ZnS:Cu,Cl phosphor, in which the 
junctions probably depend primarily on the copper. 
The junctions may occur, for example, at metal or 
semiconducting inclusions (39, 40) (Cu.S?) in the 
phosphor crystal, at dislocations, at interfaces be- 
tween cubic and hexagonal phases of ZnS or in other 
minute regions of disorder (41-45). The junctions 
may occur at random or in regular arrays in the 
crystal so long as they are interconnected by some 
material acting like the metal contacts (m) linking 
a series string of ordinary diodes. This interconnec- 
tion must be such that current can flow in the order 
n-p-m-n-p-m-n-p-m, for example, so that all junc- 
tions along that current path are forward biased; 
probably each crystal (not each junction) must 
have a similar but oppositely oriented return path 
in parallel ;which carries forward current during 
the voltage reversal. Regarding the possibility that 
the junctions in series are not effectively identical, 


Note added in proof: V. E. Oranovskii and B. A. Khmelinin, 
Optics and Spectroscopy, 7, 336 (1959), suggest n- and p-type re- 
gions in electroluminescent zinc sulfide, as does Ballentyne (44), 
and that a field of 10 v/cm is sufficient to maintain electrolu- 
minescence, 
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it can be shown that the current-voltage relation 
for two series junctions differing only in V’ will 
follow Eq. [1] with an intermediate value of V’, 
while that for two series junctions differing only 
in I’ will follow Eq. [1] with an intermediate value 
of I’. It seems likely, therefore, that the experi- 
mental values of I’ and V’ represent statistically all 
the junctions along series and parallel paths. The 
resistivity of the host material between junctions 
and the capacitive coupling between active regions 
of the phosphor crystal (Inset, Fig. 8) undoubtedly 
contribute to deviations by phosphors from Eq. [1] 
as they do in the best of germanium diodes, for ex- 
ample. 

The loss of part of the applied voltage to regions 
of the phosphor layer other than the phosphor itself 
may be informative by the following interpretation 
of the data of Fig. 4. The calculated and experi- 
mental curves of Fig. 4 are very similar; they may 
be taken essentially identical if it is assumed that 
the highest phosphor volume fraction f = 0.75 leads 
to particle contact and that therefore the effective 
value of f in that layer is unity. Figure 4 shows 
then that parameter V’ is about proportional to f/a. 
This proportionality can also be calculated, by re- 
cognizing that for equal current in many junctions 
in series the exponent in Eq. [1] 


V ev 
Vv’ kT 


where V is the total potential difference across the 
phosphor-dielectric layer, v is the voltage across a 
single junction, e is the electronic charge, k is 
Boltzmann’s constant, and T is the absolute tem- 
perature. If N is the number of junctions per mi- 
cron of phosphor crystal, d is the over-all thickness 
of the phosphor-dielectric layer, and a is the volt- 
age fraction across the phosphor proper, then 


v= 


e a 


From Fig. 4, the factor in parentheses is experi- 
mentally equal to 30, and for a 3-mil phosphor 
(powder) layer at room temperature, N is about 
sixteen junctions per micron; the same result is 
obtained from the slope of the plot in Fig. 16 for a 
two-micron film. For comparison, Esaki (46) gives 
150A as the probable width of some of his junc- 
tions, so the indicated 600A spacing of the junctions 
in electroluminescent ZnS may not be unreasonable. 
The parameter V’ is proportional to phosphor layer 
thickness, as shown by Fig. 2, and this is consistent 
with Eq. [2]. 

The temperature dependence of the current-volt- 
age characteristics (Fig. 5-7) suggests that Eq. [1] 
can be rewritten as 


I Cc {3] 


where C,, E, and C, are independent of temperature; 
this is, of course, the usual form of temperature de- 
pendence of the forward current through semicon- 
ductor junctions. The activation energy E deter- 
mined from curve B of Fig. 6 is about 0.12 ev. A 
third determination of the number of junctions per 
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micron can be obtained from the slope of curve B 
of Fig. 7 and Eq. [2]; in this case, f/a is about 2, 
d is about 3 mils, and N again is calculated to be 
about 15 junctions per micron. Note that the three 


determinations of N are independent: the first 
evolved from an experimental variation of phosphor 
powder volume fraction f, the second was taken 
from the d-c current-voltage characteristic of an 
electroluminescent film, and the third from the 
temperature dependence of V’ in powder-dielectric 
layers. 

It is interesting that Merz, in a study (42) of 
high photovoltages on ZnS single crystals, speaks of 
alternating layers of cubic and hexagonal material 
each of which leads to a rectifying barrier in the 
same direction; the observed photovoltages are such 
that several thousand of these barriers must be 
aligned in series, each barrier generating a photo- 
voltage of 0.15 ev, according to Merz. Numerous 
junctions in series, and in the same sense, are sug- 
gested by the current-voltage data of the present 
paper. The value of E = 0.12 ev obtained from Fig. 
6 can be interpreted as the diffusion potential or 
barrier height obtained by Merz. 

The frequency dependence of the current-voltage 
characteristic (Fig. 8) is at present thought to be a 
somewhat extraneous consequence of capacitive 
coupling both of active regions within the phosphor 
crystal and, in the case of powder-dielectric layers, 
between phosphor particles, also. Retention of the 
steeply rising current-voltage characteristic, but 
with increased current at higher frequencies, can 
be obtained with the circuit of Fig. 8, for example 
with 1 yf capacitors and 1N34 diodes. In addition, 
there is independent evidence (31, 47) that in elec- 
troluminescent phosphors increasing frequency leads 
to reduction in the dimensions of the active regions 
and to a higher maximum field strength; thus, the 
junction resistance may fall rapidly with increasing 
frequency and the ohmic character of the series 
capacitors lead to the shallow slope at high fre- 
quency in Fig. 8. 

The contours of Fig. 9 center around the same 
activator and coactivator properties in the ZnS: Cu,Cl 
phosphor. Therefore, the currents which show for- 
ward-bias characteristics are closely related to the 
electroluminescence radiance of the phosphor. An- 
other main feature of the contours of I’ and V’ of 
Fig. 9 is the steep gradient at minimum copper ad- 
dition, as if there were a threshold copper content 
necessary to evolve the currents (junctions) as- 
sociated with electroluminescence. The configuration 
of the contours is similar in all regions except that 
representing low copper and chlorine additions. 
Here, the indication is that the additions are suffi- 
cient for current flow but not enough for efficient 
recombination and luminescence. That the conditions 
for junction formation and for luminescence in 
semiconductors are in general different, and some- 
times mutually exclusive so that separate crystal 
regions must perform the two functions, is already 
well understood (12). 

The change in conductance, under a-c excitation, 
with variation in radiation intensity is somewhat 
similar for a germanium p-n junction (RCA 7467) 
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and a phosphor plastic layer (Fig. 12). In the case 
of the diode, the increased conductance with ir- 
radiation results entirely from the addition of re- 
verse current (leading to an increase in the rms 
current measured) to the forward current which 
flows in the dark; the integrated value of the for- 
ward current is actually somewhat reduced by the 
radiation, as shown by oscilloscope. It is suggested 
here that the increased conductance of the phosphor 
layer with irradiation is also due to the increase of 
reverse current in the junctions present in the phos- 
phor crystal. The different dependence on radiation 
intensity (Fig. 13) may be due to trapping effects 
(48) in the phosphor which are absent in the ger- 
manium diode. 

That the electroluminescence emission is due to 
hole-electron recombination (through activator 
centers) in the junction region in ZnS phosphors is 
suggested by the dependence of d-c light emission 
on the square of the current for both film and pow- 
der phosphors (Fig. 14). The a-c light emission 
bears a more complicated relation to the rms 
current. 

The breakdown field for thin electroluminescent 
ZnS films is often observed to be 20-30 v/y, al- 
though this may not be so much characteristic of 
the material as of weak spots and nonuniformities. 
Assuming the value of 15 junctions per micron, the 
maximum voltage per junction during electrolumi- 
nescence may be about 2 v, or about half the band 
gap equivalent of zinc sulfide. Such a forward volt- 
age is not excessive, since a germanium diode can 
be operated at a forward voltage several times the 
band gap equivalent (Fig. 11) and silicon junctions 
have been operated at forward voltages as much as 
fifteen times the band gap equivalent (49). 

Strong deterioration of electroluminescence by 
continued operation for long periods results in an 
increase in V’ and little change in I’. Interpreted on 
the basis of Eq. [2], this suggests that the number 
N of active junctions per micron in the phosphor 
increases with time, perhaps due to some gradual 
forming process, and the exciting voltage, current, 
and light emission associated with individual junc- 
tions is thereby reduced. There is evidence that the 
maintenance of electroluminescence is adversely af- 
fected by oxygen (50) and water (31); transistor 
characteristics are also affected by these (51). This 
interpretation is consistent with the facts that de- 
terioration is minimized (31) at higher copper and 
chlorine additions (larger N) and that light emis- 
sion at constant field strength falls off (31) at high 
copper and chlorine additions (larger N, smaller 
voltage per junction). 

These new results all suggest minority carrier 
injection, or at least currents in forward-biased 
junctions, as the basic mechanism of ordinary elec- 
troluminescence in zinc sulfide. Some other experi- 
mental results, consistent with this proposition, are: 

1. Numerous barriers or junctions are present, as 
suggested by the configuration of emitting regions 
in lines or sheets paraliel to the field in GaP (14) 
and ZnS (39, 52, 53), and the correlation of disorder 
to eclectrcoluminescence in SiC (53) and ZnS (41, 
43, 44, 53). 
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2. These barriers have the character of typical p-n 
junctions in series, as suggested by large photo- 
voltages in CdTe (54, 55) and ZnS (56-58). 

3. Minority carrier injection occurs, as suggested 
by electroluminescence edge emission in CdS (19, 
21), diamond (59), and ZnS (20), by uniform elec- 
troluminescence emission in the crystal bulk in CdS 
(17, 21) and ZnS (20), by bimolecular (band to 
band) recombination in GaP (15) and ZnS (Fig. 
14), and by electroluminescence emission preferen- 
tially at the anode in CdS (18, 19). 

4. Exponential current-voltage characteristics as- 
sociated with light emission have also been ob- 
served in CdS (18), GaP (13), and in ZnS single 
crystals (60). 

It is believed, in addition, that the arguments for 
acceleration-collision ionization in electrolumines- 
cence in zinc sulfide are easily discounted; this is 
discussed in the next section. 

Evidence for the acceleration-collision process 
discounted.— In the theory of injection electrolu- 
minescence the important action is the introduction 
of minority carriers in such a way that much of the 
ultimate transition energy necessary is derived by 
the minority carriers themselves from thermal en- 
ergy. Usually the energy gained by the minority car- 
riers from the applied field is a small fraction of the 
total, i.e., the applied potential difference (Fermi 
level displacement) is usually small compared to the 
equivalent band-gap of the material. No threshold 
voltage exists for injection electroluminescence 
since a very small voltage in the forward direction 
is sufficient to upset the equilibrium of the diffusion 
currents and cause minority carrier injection. The 
minority carriers may be captured by impurity 
centers followed by a radiative transition by a 
majority carrier to the center, or direct electron- 
hole recombination may occur. In the theory of ac- 
celeration electroluminescence (4, 5) a majority 
carrier is accelerated by the field to energies suffi- 
cient to excite or ionize a bound carrier of the same 
kind, either from an impurity center or from the 
lattice. All of the excitation energy is derived from 
the electric field. The probability of acceleration of 
the carrier to excitation energies is small (even if 
collision is with an impurity center) but increases 
with increasing electric field. For these reasons the 
potential difference where acceleration occurs must 
be at least as large as the equivalent excitation 
energy (a threshold exists) and probably in prac- 
tice would have to be much larger. Radiative re- 
combination then occurs as in the previous example. 

The evidence usually cited in favor of the ac- 
celeration mechanism is rather readily shown to be 
inconclusive. Strong magnetic fields do not quench 
electroluminescence in ZnS detectably (61). This is 
usually interpreted to mean that the applied po- 
tential difference is concentrated in a barrier with 
a very high local field; otherwise, the maximum 
energy attainable by the carrier in a free path 
would be limited by the magnetic field. However, if 
the electroluminescence is due to the injection 
mechanism, or other processes not depending on the 
acceleration of carriers (22-25), it would not be 
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expected to be quenched by a magnetic field. There- 

fore, while strong magnetic field quenching would 

have supported the acceleration theory, its absence 
is inconclusive. 

The observation that electroluminescence in ZnS 
is often confined to discrete spots or lines has been 
interpreted to indicate regions of very high local 
field’ in which the acceleration process could be 
active. However, the same phenomena have been 
observed in GaP (14) in which material it is shown 
that the emission is at grain boundaries and is due 
to carrier injection with forward bias. Diemer (39) 
observed long lines of emitting spots and Short, 
Steward, and Tomlinson (53) saw sheets of lumi- 
nescence, in zinc sulfide, which show maximum 
emission intensity when the electric field is parallel 
to the lines of spots or sheets. Bontinck and Dekey- 
ser (52) have made similar observations of five or 
six emitting spots per micron. These observations, 
together with the admission that there may be nu- 
merous nonemitting junctions across which an ap- 
preciable potential difference exists, suggest that 
the spots are not necessarily associated with a par- 
ticularly high local field. 

The probability of a carrier attaining excitation 
energies has been calculated (3, 4, 62) to be pro- 
portional to exp (—a/E), where a is a constant and 
E is the electric field. Experimentally, the electro- 
luminescence emission is often found (29) to be 
proportional to exp (—b/V’”*), where b is another 
constant and V is the applied voltage. The correla- 
tion is suggested by citing the theoretical result 
(5) that the maximum electric field in a Mott- 
Schottky type barrier is proportional to V’”. How- 
ever, there is apparently no evidence that simple 
barriers of this type ever occur in phosphors; it has 
also been shown that, more accurately, electrolumi- 
nescence emission is experimentally proportional to 
exp (—b/V") where n can be near unity (29) or 
substantially less than one-half in, for example, 
ZnS:Cu,Mn,Cl powders. Hence the experimental 
relation between light emission and the applied 
voltage is far from simple and, in view of the cur- 
rent-voltage and light-current relationships demon- 
strated in this paper, is not expected to be either 
fundamental nor informative. 

The acceleration theory is said to be favored by 
the fact that electroluminescent phosphor crystals 
emit strongly when embedded in an insulating di- 
electric material and not in contact with the elec- 
trodes to which voltage is applied. However, at least 
a transient current must flow in both the acceleration 
and injection mechanisms, and internal discontinu- 
ities can serve as appropriate barriers or junctions 
in either case. 

Evidence has also been cited specifically in the 
past as tending to rule out injection electrolumi- 
nescence in zinc sulfide. These arguments are no 
longer valid. Piper and Williams (5), for example, 
list three reasons why injection electroluminescence 
seems not to apply to ZnS: (a) threshold voltage 

* The following r ing seq e also app s in the literature: 
(a) assume the acceleration mechanism, (b) calculate the field nec- 
essary for the effect to be appreciable, ‘c) conclude since the ex- 
perimental average field is too low that there must exist barrier 


regions of very high local field. The “evidence” for barriers thereby 
depends on the initial assumption. 
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of the order of 100 v, (b) luminescence not concen- 
trated at the anode, and (c) no evidence of minor- 
ity carrier injecting discontinuities in ZnS. It has 
since been shown that (a) electroluminescence is 
observed in ZnS at 1.5 v rms (a-c) (37) and 2.0 v 
(d-c) (38) with no evidence of a threshold in either 
case; (b) multiple internal discontinuities at which 
light is emitted do not depend on the (external) 
anode; and (c) ZnS and related materials show 
large photovoltages (54-58), electroluminescence 
edge emission (19-21), and uniform electrolumi- 
nescence in the crystal bulk (16, 17, 20, 21). The 
exponential (forward bias) dependence of current 
on voltage is also strong evidence for typical semi- 
conductor junctions and minority carrier injection 
in zine sulfide phosphors. 
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Intermetallic Compounds 


Il. Surface Damage 


H. C. Gatos, M. C. Lavine, and E. P. Warekois 


Lincoln Laboratory,' Massachusetts Institute of Technology, Lexington, Massachusetts 


ABSTRACT 
The dissolution rate technique has been applied in determining the depth of 


surface damage resulting from cold working (abrasion). The following III-V 
compounds were employed: GaAs, GaSb, InAs, and InSb. It was shown that 
the dissolution rates are a function of the actual surface area which in turn 
depends on the amount of cold work present rather than on the original rough- 
ening of the surface. The results obtained by this method were found to be in 
excellent agreement with results obtained by etching (etch figures) and x-ray 
diffraction techniques. For the same cold-working treatment the depth of dam- 
age in InSb was found to vary for the various orientations as follows: {100} > 
B{111} > {110} > A{111}, A and B designating the {111} surfaces terminating 
with In and Sb atoms, respectively. It was further found that for the same 
cold-working treatment of the A{111} or B{111} surfaces of the four compounds 
studied, the depth of damage varied as follows: InSb > InAs > GaSb > GaAs, 


It was shown in previous communications (1, 2) 
that the same cold-work treatment leads to a greater 
depth of damage in the {111} surfaces of the III-V 
compounds terminating with group V atoms (B sur- 
faces) than in the surfaces terminating with group 
III atoms (A surfaces). This behavior is another 
consequence of the polarity of these compounds 
(zinc blende structure) along the <111> directions. 
The depth-of-damage determinations were based on 


1 Operated with support from the U. S. Army, Navy, and Air 
Force. 


i.e., the depth of damage decreased with increasing energy gap. 


an earlier observation (3) that the characteristic 
etch figures developed on the {111} surfaces as well 
as those developed on the {110} and {100} surfaces 
of the III-V compounds are altered significantly in 
the presence of cold work (abrasion). Determina- 
tions of the depth of damage were also made by 
employing x-ray diffraction techniques. 

In the case of elemental semiconductors the depth 
of surface damage has been determined by follow- 
ing the dissolution rate which decreases, as the 
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damaged layers are being removed, to a limiting 
value obtained on complete removal of the damaged 
material (4, 5). In the present investigation, this 
dissolution method was compared with the etch 
figure and x-ray techniques and applied to GaAs, 
GaSb, InAs, and InSb. An empirical relationship 
was established for these compounds between the 
energy gap and the depth of surface damage (re- 
sulting from the same surface treatment). 


Experimental 

All samples employed (GaAs, GaSb, InAs, and 
InSb) were single crystals of high purity, bounded 
by only one type of low index crystallographic 
planes cut and ground to the proper orientations as 
determined by x-ray diffraction. The samples 
bounded by A{111} and B{111} planes were tetra- 
hedrons. Those bounded by {100} and {110} were 
cubes and parallelepipeds, respectively. 

Cold work was introduced in the samples by 
abrading on a glass plate with a water slurry abra- 
sive having the desired particle size. Although this 
operation was performed manually, the results were 
quite reproducible and independent of the individ- 
ual manipulator. Actually it was found that the 
pressure (within reasonable limits) applied during 
abrasion is not critical with regard to the resulting 
depth of damage. The abrasives employed were: 
silicon carbide powder (20, particle size) garnet 
powder (10, particle size) and diamond paste (3, 
particle size). Before testing, the samples were 
freed from loose particles, degreased, and thoroughly 
rinsed with distilled water. 

Dissolution rates were determined by weight loss 
measurements. In determining the dissolution rates 
as a function of time the samples were removed 
from the etching solution, rinsed immediately with 
distilled water, dried, weighed, and reimmersed in 
the solution until a steady-state rate was achieved. 
The results are presented in terms of dissolution 
rate as a function of distance from the surface. This 
distance was calculated from the weight loss data 
and the density of the particular material. 

The dissolution of the samples took place very 
uniformly over the surface. In fact, the geometric 
shape of the samples was not altered even after 
their linear dimensions were decreased by a factor 
of three. No mechanical stirring was associated with 
the dissolution experiments. 


Results 


InSb.—The results obtained with B{111}tetra- 
hedrons of InSb in 1 part (by volume) 30% H,O, + 
1 48% HF + 8H,0 are shown in Fig. 1. Four surface 
treatments prior to testing are indicated: abrasion 
with 3, 10, and 20, particle size abrasive and chemi- 
cal polishing. No change in dissolution rate was ob- 
served as a function of time when the original sur- 
face was chemically polished. However, in the case 
of the 10% and 20, treatment the rate decreased 
with time (or distance from the surface) and reached 
a well-defined limiting value. In contrast, when the 
surface was pretreated with a 3y abrasive the dis- 
solution rate increased before it reached a limiting 
value. 


JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


July 1961 
T T T T T T 
© CHEMICAL POLISH 
3 O6F © 3 ABRASION 7 
10y ABRASION 
20u ABRASION a 
£ 
= 
a 
DEPTH OF DAMAGE 
i iL i L i i 


° 4 8 12 16 


20 24 28 32 
DISTANCE FROM SURFACE (,u) 


Fig. |. Dissolution rate of B{111} surfaces of InSb (1 part 
by volume 30% H.O: + | 48% HF + 8H.O at room temper- 
ature) as a function of distance from the surface for various 
surface pretreatment as indicated. Depth of damage is also 
shown. (Apparent activation energy for the reaction about 6 
kcal/mole.) 


In all three cases where the surfaces were cold 
worked the limiting rate was reached at a distance 
from the surface corresponding to the depth of 
damage caused by abrasion. These values of depth 
of damage, 6y, 9u, and 14, of Fig. 1 are in excellent 
agreement with those obtained for the same abra- 
sive treatments by etch figure and x-ray diffraction 
techniques (2). The reproducibility of the depth of 
damage attainable by the present dissolution rate 
technique is + ly. Determinations of the depth of 
damage in A{111} InSb surfaces by dissolution rates 
were also found in excellent agreement with the 
etch-figure and x-ray diffraction techniques (2). 

The dependence of the dissolution rates on tem- 
perature was determined both in the region of the 
damaged layers and after removal of the surface 
damage. The apparent activation energies were 
found to be the same in both cases and equal to 
about 6 kcal/mole. This value is indicative of re- 
actions controlled by mass transport to the solid 
liquid interface. It is of interest to note, however, 
that the depth of damage can also be determined 
conveniently if the reactions employed are under 
activation control. For example the reaction of 
A{111} surfaces of InSb in 2 parts conc. HNO, + 1 
48% HF + 1 glacial CH,COOH is under activation 
control below room temperature (apparent activa- 
tion energy 25 kcal/mole). Under these experimen- 
tal conditions the depth of damage of A{111} sur- 
faces of InSb abraded with 20, particle size abra- 
sive was found to be approximately 9,» (Fig. 2) in 
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Fig. 2. Dissolution rate of A{111} surfaces of InSb in 2 
parts conc. HNO; + | 48% HF + 1 glacial CH;COOH at 
6°C as a function of distance from the surface (apparent acti- 
vation energy for the reaction about 25 kcal/mole) cold 
worked with 20u particle size abrasive. 
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Fig. 3. Effect of orientation on the depth of surface damage 
in InSb. Surfaces cold worked with 10 particle size abrasive. 
Electrolyte composition: 1 part 30% H.O. + 1 48% HF + 
8H.O. Room temperature. 


good agreement with the values obtained by dis- 
solution rates under diffusion control and by other 
methods (2). 

The depth of damage in the other low index sur- 
faces of InSb resulting from a treatment with 10, 
abrasive is shown in Fig. 3 together with the corre- 
sponding depth of damage in the B{111} surfaces. 
It is seen that for the same surface treatment the 
depth of damage in the B{111} surfaces is smaller 
than that found in the {100} surfaces, and somewhat 
greater than the corresponding depth of damage in 
the {110} surfaces. It should also be noted that the 
limiting dissolution rate of the {110} surfaces is 
somewhat smaller than the limiting rates of the 
'100} and B{111} surfaces. 

Other III-V compounds.—A behavior similar to 
that described for InSb was observed for other III- 
V compounds. Typical results for GaAs are shown 
in Fig. 4. Here, B{111} surfaces of GaAs cold worked 
with 20, particle size abrasive were submitted to 
two different oxidizing solutions. Although the dis- 
solution rates are appreciably different in the two 
solutions, the observed depth of damage has the 
same value within experimental error. The dissolu- 
tion reaction is under diffusion control in case I and 
under activation control in case II. 

The values of depth of damage resulting from 
cold working with 20, particle size abrasive in the 
Aflll} and B{111} surfaces of four III-V com- 
pounds are summarized in Fig. 5. It is seen that in 
all cases, for the same treatment, the depth of dam- 


| 


30.002 


30.001 
DEPTH OF DAMAGE 


RATE (mg/ cm®/sec) 
RATE (mg /cm®/sec) 


DEPTH OF DAMAGE 


DISTANCE FROM SURFACE (y) 


Fig. 4. Depth of damage in B{111} surface of GaAs cold 
worked with 20u particle size abrasive. Electrolyte composi- 
tions: |, Ipart 30% H.O. + 1 48% HF + 2H.0. II, 2 conc. 
HCI + | conc. HNO; + 2H.O. Room temperature. 
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Fig. 5. Depth of damage in the A{111} and B{111} sur- 
faces of IIl-V compounds as a function of energy gap. Surfaces 
cold worked with 20u particle size abrasive. Reproducibility of 
the depth of damage determinations is within + lu indicated 
by the vertical bars. 


age is greater in the B{111} than in the A{111} sur- 
faces. It should also be noted that there is a distinct 
relationship between the energy gap of the III-V 
compounds and the depth of damage resulting from 
cold working by abrasion. 


Discussion 

Dissolution process.—The increase in the dissolu- 
tion rates of solids resulting from the presence of 
cold work has been attributed to the increased en- 
ergy associated with cold work which leads to an 
increase in reactivity of the surface atoms (6, 7). 
In some instances this increase in rate has been at- 
tributed to the increase in the original surface area, 
resulting from cold working by abrasion (4, 5). 
Obviously, however, an increase in surface reactiv- 
ity cannot be considered as a controlling factor in 
dissolution reactions under mass transport control 
as in the present cases. Similarly, the original sur- 
face area alone does not control the over-all dis- 
solution behavior and in particular the dependence 
of the dissolution rate on time as is apparent from 
the present data (see Fig. 1). Assuming for ex- 
ample that the dissolution rate is proportional to 
the surface area, it is seen from Fig. 1 that the 
original surface area is not related in any obvious 
way to the subsequent changes in surface area. It 
is believed that the magnitude of dissolution rate 
at a given time reflects the actual surface area of 
the material at that time and that the surface area 
after the onset of dissolution is not necessarily a di- 
rect function of the original surface area as dis- 
cussed below. 

For diffusion controlled processes the dissolution 
rate, dm/dt, is equal to (8) 


dm/dt = DAC/8 [1] 


where D is the diffusion coefficient of the diffusing 
species, A the area, C the concentration of the re- 
acting species (the oxidizing agent in this case), and 
8 the effective thickness of the boundary (Nernst) 
layer. A represents the projected area if the rough- 
ness is small, i.e., if the surface irregularities are 
small compared to §. For systems such as those em- 
ployed in the present case where there is no me- 
chanical stirring, except of course stirring by con- 
vection, 5 can be assumed to be approximately 50,. 
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Consequently, the surface roughness should have no 
appreciable effect on the dissolution rates. 

However, gas evolution during dissolution may 
indeed provide vigorous stirring and lead to a pro- 
nounced decrease in effective 5. It was determined 
recently, for example, that for a rate of gas evolu- 
tion of 10 cm’/cm’*-min 6 has an apparent value of 
approximately 3 (9). Such a small value of & is 
difficult to attain by mechanical stirring. Thus, in 
experiments with cylindrical electrodes a value of 
5 equal to 64 was attained at a rotation speed of 
1360 rpm corresponding to a tangential velocity of 
420 cm/sec (10). 

In the systems employed in this study there is a 
vigorous gas evolution during dissolution. No at- 
tempt was made to determine experimentally the 
gas evolution rate or the actual chemical reactions 
involved in these complex systems. However, it is 
reasonable to assume that there is a mole of gas 
evolved per mole of the compound dissolved. In 
such a case, and for the limiting rates of Fig. 1 and 
3 a gas evolution rate of approximately 3 cm’/cm’- 
min is associated with the dissolution process. On 
the basis of the work of Ibl and Venczel (9) the 
effective value of 6 should then be approximately 
104%. Under such conditions it is expected that the 
roughness factor should be reflected in the dissolu- 
tion rates. 

Microscopic examination of the surfaces before, 
during, and after testing indicated that at least 


Fig. 6. I-IV. Original surfaces after the following treat- 


ments: |, Chemical polish; ||, 10u abrasive; III, 3u abrasive; 
IV, 20u abrasive; V, surface corresponding to limiting rate of 
surfaces | and II!; VI, surface corresponding to limiting rate 


of surfaces II and IV. Magnification 300X before reduction for 
publication. 
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qualitatively the dissolution rates are a function of 
the surface roughness. Typical results are shown in 
Fig. 6. Although resolution is impaired in the re- 
production shown here, it can be seen that the 
roughness of the sample abraded with a 3, particle 
size abrasive (Fig. 6-III) is less than in the chemi- 
cally polished sample (Fig. 6-1). The surface cor- 
responding to the limiting dissolution rates of cases 
6-I and 6-III is typically represented by Fig. 6-V. 
It is seen further that the original surfaces abraded 
by 104 and 20, abrasives (Fig. 6-II and IV, respec- 
tively) exhibit a greater roughness than after they 
reach their limiting rates (Fig. 6-VI). It is of inter- 
est to note that the initial roughness of the sample 
treated with the 10u abrasive is greater than that 
of the sample treated with the 20, abrasive. This 
result is not surprising in view of the brittle nature 
of InSb. The difference in roughness between the 
cases of Fig. 6-V and Fig. 6-VI and the correspond- 
ing difference in rates (Fig. 1) is quite apparent. 

Regarding the dissolution reactions under activa- 
tion control (Fig. 2) which also lead to results 
similar to those obtained with reactions under dif- 
fusion control, their rates are also a function of the 
surface A as follows (8) 


dm/dt = kAC [2] 


where k is the reaction constant and C the concen- 
tration. 

Surface roughness.—It is apparent from the re- 
sults of Fig. 1 that the initial surface roughness 
alone as created by the mechanical action of the 
abrasive does not determine the subsequent behav- 
ior of the material. The extent and nature of cold 
work plays an important role. It can be seen from 
Fig. 1, for example, that the sample cold worked 
with the 20z abrasive reacts slower at first than the 
sample treated with the 10,4 abrasive. Subsequently, 
the dissolution rates (and therefore the relative 
magnitudes of surface roughness) are reversed, and 
the sample treated with the 20y abrasive continues 
to exhibit a higher dissolution rate even after the 
sample treated with the 10u abrasive has reached 
the limited rate. 

It is believed that after the onset of dissolution 
the surface roughness is controlled by the pro- 
nounced surface energy heterogeneities introduced 
by cold work. The most distorted parts of the sur- 
face serve as effective anodic areas and thus are 
preferentially attacked leading to surface irregu- 
larities. It is reasonable to expect that the more the 
cold work (the larger the particle size of the abra- 
sive) the greater the surface irregularities and of 
course the greater the depth of damage. How- 
ever, even on removal of the cold-worked layers, 
the roughness of the surface persists. This “hys- 
teresis” in the surface roughness is probably re- 
sponsible for the differences observed in the ap- 
parent limiting rates of Fig. 1. The lower over-all 
roughness in the case of the {110} surfaces (Fig. 3) 
could be due to the fact that the principle cleavage 
planes of the III-V compounds are also the {110} 
planes. Thus, on these surfaces the microcleavage 
planes are parallel to the gross surface, and the re- 
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sulting roughness is expected to be less than in the 
other surfaces. 

Depth of surface damage.—From Fig. 1, 2, and 5 
it is seen that for the same material and cold-work- 
ing treatment the depth of damage for the various 
orientations is as follows 


{100} > B{111} > {110} > A{111} 


The observed differences between the A{1l1} and 
B{111} surfaces have been attributed to the strain 
present in the A surfaces owing to the deviation of 
the A surface atoms from the tetrahedral coordina- 
tion as discussed elsewhere (1). The depth of dam- 
age for the various orientations (excluding the 
A{111} surfaces) increases with increasing atomic 
density (atoms/cm’*) of the corresponding crystallo- 
graphic planes. Thus, for the same treatment and 
the same material the atomic density of the crys- 
tallographic planes may control the differences 
in the depth of damage. It is possible that the slip 
characteristics of these compounds play a role in 
the present experiments. However, a further dis- 
cussion of this matter must await a better under- 
standing of the actual nature of the damaged sur- 
face layer. 

The results of Fig. 5 represent an empirical rela- 
tionship between the depth of damage (in a given 
orientation) and the energy gap (E,): 


log P = K’ — K” log E, [3] 


where K’ and K” are constants which appear to de- 
pend on the perfection of the surface and probably 
on orientation. 

According to Eq. [3] the depth of damage in- 
creases with increasing interatomic distance since 
the energy gap decreases with increasing inter- 
atomic distance. Equation [3] is thus consistent 
with Goldschmidt’s relationship between hardness, 
H, and interatomic distance, r: 


log H = K,—K, logr [4] 


where K, and K, are constants. This relationship 
has been shown to apply in the case of the III-V 
compounds (11). 
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From the data of Fig. 5 and the hardness data’ of 
ref. (11) (Knoop microhardness on the {111} planes: 
GaAs = 750 + 42; GaSb = 448 + 27; InAs = 381 + 
26; InSb = 223 + 20) it is found that within the 
accuracy of the data the depth of damage decreases 
linearly with increasing hardness. 
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Epitaxial Silicon Films by the Hydrogen Reduction of SiCl 


H. C. Theuerer 


Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 


ABSTRACT 


Epitaxial films of silicon with controlled thickness and resistivity either 
n- or p-type may be grown using the hydrogen reduction of silicon tetrachloride 
appropriately doped with PCl, or BBr;. The basic chemistry and reaction 
kinetics pertinent to the growth of these films are discussed in detail in this 


paper. 


The new epitaxial mesa transistors (1) and other 
semiconductor devices utilize silicon single crystal 
films grown on low resistivity silicon substrates. 
The hydrogen reduction of silicon tetrachloride is 
well suited to the preparation of these films since 


this reaction is surface catalyzed and has a readily 
controllable rate. For epitaxial growth, n- or p-type 
substrates having a <111> orientation with resis- 
tivities between 0.01 and 0.001 ohm-cm are nor- 
mally used. The reduction of undoped silicon tetra- 
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Fig. 1. Apparatus for silicon film preparation by the H. 
reduction of SiCl,. 


chloride purified by adsorption techniques (2) re- 
sults in n-type films with resistivities between 20 
and 100 ohm-cm. As required, the film thickness, 
resistivity, and conductivity type can be controlled 
by variations in the basic procedures. N- or p-type 
films with desired resistivities are obtained by dop- 
ing the silicon tetrachloride with appropriate 
amounts of phosphorus trichloride or boron tribro- 
mide, respectively. 

The reaction kinetics and basic chemistry perti- 
nent to the growth of epitaxial films are discussed 
in detail in this paper. 


Experimental Requirements for Film Deposition 


The apparatus used to prepare epitaxial films by 
the hydrogen reduction of silicon tetrachloride is 
shown schematically in Fig. 1. Essentially, it con- 
sists of a source of pure hydrogen, a halide saturat- 
ing system, the reduction chamber, and a radio- 
frequency generator for external heating. To purify 
the hydrogen, tank gas is passed through a trap 
containing palladinized alundum pellets to remove 
oxygen. The gas is then passed through a second 
trap containing No. 5A Molecular Sieves’ refriger- 
ated with liquid nitrogen for the purpose of remov- 
ing water and other condensable gases from the 
hydrogen. The purified gas may then be passed into 
the reduction chamber either directly or first through 
the SiCl, saturator by manipulation of the stop- 
cocks. Control of the SiCl,-H, ratio is obtained by 
refrigerating the saturator with alcohol-water-dry 
ice mixtures. 

The reduction is carried out in a water-cooled 
quartz tube 1l-in. OD x 12-in. long within which the 
wafer to be treated is supported in a silicon pedestal 
for heating. The pedestal is mounted in a quartz 
holder from a nickel end closure. The heating ped- 
estal is made from a high-purity silicon rod % in. 
diameter x 1% in. long dished out at the top for a 
depth of 1/16 in. For rf coupling, a low resistivity 
insert is fused into the silicon % in. from the top 
of the pedestal. 

The silicon substrates used for epitaxial growth, 
consist of 6 mil wafers 0.310 in. square with <111> 
faces. The wafers are ground flat with 1800 alundum 


1 This material may be obtained from the Linde Air Products Co. 
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and are given a bright etch to expose an undam- 
aged crystal surface. A 5-min etch in a mixture of 
30 ml HNO,, 5 ml HF, and 10 m! acetic acid, fol- 
lowed by washing with deionized water and drying 
at 110°C was the usual procedure in this work. 
Prior to film deposition, the silicon wafer is treated 
in dry hydrogen at 1295°C for % hr to remove 
residual surface oxide. In this treatment the silicon 
reacts with SiO, to form SiO which evaporates and 
condenses on the tube walls. Following this treat- 
ment, the wafer is brought to deposition tempera- 
ture, and the SiCl,-H, mixture is introduced for 
prescribed times. The variables controlling the de- 
position rate are temperature, SiCl,-H, ratio, flow 
rate, and time of treatment. 


Film Evaluation Methods 


In this work conductivity type was determined 
by the hot probe method (3). The resistivity was 
determined from the film thickness and the sheet 
resistance obtained using the four point probe 
method (4). With this method it is necessary that 
the substrate wafer be of opposite conductivity 
type to that of the film being measured. In cases 
where the films are prepared on substrates of the 
same conductivity type, it is possible to determine 
resistivity and film thickness from measurements 
of capacitance as a function of voltage. Film thick- 
ness (5) was normally measured by polishing a 2° 
or 5° bevel on the coated surface of the wafer. The 
bevel was then stained with HF-HNO, 100:1 which 
delineated the film region at the top of the bevel. 
The thickness can then be determined by counting 
interference fringes produced along the beveled film 
using an optical flat and sodium light for illumina- 
tion. The weight gain of the wafers was also used as 
an index of thickness. Results by this method are 
semiquantitative, however, since it has been found 
that the underside of the wafers are also coated. In 
general, it has been found that the weight gains are 
somewhat larger than would be expected for a 
double film of uniform thickness. The film at the 
underside of the wafer is produced by transfer from 
the pedestal silicon by a process not directly re- 
lated to the hydrogen reduction process under dis- 
cussion herein. 


Effect of Various Reaction Variables on Film Growth 

Using a SiCl,-H, mole fraction of 0.02 achieved 
by refrigerating the saturator at —30°C and treat- 
ing the silicon wafer for 5 min at 1270°C with a 
hydrogen flow of 1 1/min results in a film 8, thick. 
The thickness obtained can be controlled over a 
wide range by variations in the operating parame- 
ters. Most conveniently with other variables fixed, 
the film thickness may be varied linearly with time 
of treatment. As shown in Fig. 2, the thickness may 
also be varied by changes in flow rate for low hy- 
drogen flows but at rates much above 1 1l/min a 
further increase in deposition rate is not observed. 
Figure 3 gives the dependence of deposition rate on 
temperature. The data indicate an activation energy 
for the over-all reaction of 37 kcal, and for the tem- 
perature range of interest the deposition rate 
doubles with an 80°C rise in temperature. Figure 4 
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Fig. 2. Effect of gas flow rate on silicon deposition 
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Fig. 4. Effect of SiCl,-H. ratio on silicon deposition 


shows the effect of variations in the mole fraction 
of SiCl, on deposition rate at the normal reduction 
temperature of 1270°C. It will be seen that the rate 
of deposition initially increases with increasing 
SiCl, concentration, peaks at a mole fraction of 0.10, 
and then diminished for further increases in SiCl,. 
Above a mole fraction of 0.28, etching of the silicon 
substrate occurs. 


Reaction Mechanism 
The hydrogen reduction of silicon tetrachloride is 
a more complex reaction than is indicated by the 
basic equation 
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SiCl, + 2H, S Si + 4HCl 


This equation does not predict the observed 20% 
yield of SiHCl, for a corresponding silicon yield of 
10%, or the smaller amounts (< 1%) of high mo- 
lecular weight polymers, typically (6) SiwCl.»H:, 
found as a condensate on the reaction tube walls. 
The reduction mechanism, although not completely 
understood, undoubtedly occurs by way of inter- 
mediate reactions involving subchlorides, possibly 
the free radical SiCl.. The relatively high activation 
energy of 37 kcal and the reduction in silicon yield 
with increasing SiCl,-H. ratio suggest that the re- 
action involves activated adsorption and diffusion 
mechanisms. One can postulate that SiCl, is ad- 
sorbed on the substrate with the loss of chlorine by 
reaction with hydrogen which results in the forma- 
tion of silicon This is followed by diffusion of the 
HCl from the substrate. At the same time SiC]. re- 
acting in the gas phase with hydrogen results in the 
formation of SiHCl.,. 


Control of Resistivity and Conductivity Type 

Using silicon tetrachloride purified by adsorption 
techniques (2) epitaxial films are n-type with re- 
sistivities between 20 and 100 ohm-cm. This silicon 
tetrachloride is probably capable of producing sili- 
con of much higher resistivity. However, using the 
described etching techniques an upper limit of 
about 100 ohm-cm is imposed on the process due to 
the incomplete removal of impurities from the sur- 
face. After etching, residual amounts of a fast dif- 
fusing donor impurity (7) to the extent of 0.005 
monolayers are found on the surface. During the 
heat treatment and film deposition, this donor dif- 
fuses through the substrate and film resulting in a 
donor concentration of 5 x 10” atom/cm* ~ 100 
ohm-cm. 

The resistivity obtained with pure SiCl, is ade- 
quate for most semiconductor requirements. Where 
lower resistivity films are desired, these can be ob- 
tained by appropriate doping using either BBr, or 
PCl, for p- and n-type films, respectively. These 
dopants have been chosen because they are liquids 
with similar vapor pressures to SiCl, as shown in 
Fig. 5. In the case of phosphorus doping, for a satu- 
ration temperature of —30°C it has been found that 


VAPOR PRESSURE IN MILLIMETERS 


-40 -20 20 40 60 
TEMPERATURE IN DEGREES C 


Fig. 5. Vapor pressure curves for various reactants 


is 
| 
| | | | | 
10 
— + + > + 
0.01 
60 7.0 80 90 
‘ 
q 
‘ | 
a \ | 
| 
| 0! 02 o3 o4 o5 1 } 
& 
| 
| 
| 
10 + + + T — } 
| 
| 
| 


JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


July 1961 
BORON SILICON RATIO IN REACTANT GASES, aTOMS/cM? centration of the doped solution will vary as follows: 


9 19" 192° 
C, = C.k(1 — xz)*"” 


C, is the mole fraction of dopant in SiCl, vapor, C, 

the mole fraction of dopant in initial SiCl, liquid, 

k the distribution coefficient, and x the fraction 
evaporated. In the above expression for an ideal ‘ 
solution 


Paopant 


Psici, 


k 


where p is vapor pressure of pure constituents. Fig- 
ure 7 shows the curves for BBr, and PCl, when 
evaporated from SiCl,. It will be seen that in the 
case of BBr, the change in concentration is negligi- 
ble for the first 50% evaporated. In the case of PCl,, 
en 107* o ore a variation in concentration from 0.37 to 0.6 would 
We Too be anticipated for 50% evaporation of the SiCl, 


BORON CONCENTRATION IN SILICON IN aTOMS/cM® 


Fig. 6. BBr. concentration required in SiCl, for various 2The derivation of this equation is similar to that for normal 
doping levels in silicon. freezing of a liquid (8). 


good results are obtained using the following equa- 
tion 
Veci, 


= 3.9 x 10” x Ny 


where V is the volume in ml and N, is the concen- 
tration of donors in atoms/cm’ of Si. In the deriva- 
tion of the above equation Raoult’s law was used, 
and it was assumed that the mole ratio of dopant to 
silicon in the SiCl, vapor is equal to that obtained in 
the reduced material. In the case of boron doping, 
as shown in Fig. 6, it has been found that more BBr, 
is required at concentration below 10” atoms/cm’ 
than that calculated by the above method. Also, ob- 
served with heavy boron doping is a considerable 
increase in the deposition rate of silicon from the 
normal 8, to 18, for a 5-min treatment at 1270°C. 
These findings indicate a marked change in the re- 
duction kinetics, probably involving the oxidation 
of boron by SiCl, through the reaction 


4B + 3SiCl, > 4BCl, + Si 


In using the above method of doping, since the 
composition of the gas phase differs from that in 
the solution, it is obvious that the concentration of 
the dopants will change as the silicon tetrachloride 
solution is evaporated. In theory, the change in con- 
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solution. These variations can be tolerated for most 
applications, but where closer control is required, 
metered aspiration of the doped silicon tetrachlor- 
ide into the hydrogen stream would be desirable. 


Film Perfection 

Epitaxially grown films prepared by deposition 
at 1270°C show specular reflection and replicate 
the contours of the etched substrate surface. Elec- 
tron diffraction patterns of such films have the 
orientation of the <111> substrates and show 
Kikuchi lines indicating a high order of perfection. 
At lower deposition temperatures, the films are less 
perfect. Deposition at 1175°C results in films with 
the terraced structure shown in Fig. 8. 

These films are basically single crystals with the 
<111> orientation of the substrate. However, tri- 
angular <111> faces appear at the corners of the 
terraces and with continued growth these faces twin 
and become grossly polycrystalline. At a deposition 
temperature of 895°C gray films are deposited char- 
acteristic of polycrystalline silicon. These results 
suggest that, during deposition, the high mobility of 
silicon atoms attained at temperatures above 
1175°C is essential for good film perfection. It is 
probable that high surface mobility is the control- 
ling factor in the deposition of single crystal films 
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irrespective of the reaction used as a source of sili- 
con. 
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ABSTRACT 


The methods of purification and single crystal growth of six II-V semi- 
conducting compounds are discussed and crystallographic data are presented. 
The six compounds, representing three stoichiometries, are CdsAs., CdAs:, 
CdSb, Zn.As,, ZnAs,, and ZnSb. The compounds are thermally dissociated in the 
vapor phase, and the solid-vapor equilibria of four of the compounds has been 
measured. Because of the thermal instability, crystal pulling was carried out in 
sealed quartz tubes employing magnetic suspension of the seed. Through purifi- 
cation of the elements and single crystal growth, high purity was attained in 
most of the compounds. The highest purity is represented in CdAs. with an 
electron carrier concentration of 5 x 10% cm~. 


The II-V semiconducting compounds may be di- 
vided into two general classes according to valence 
rule considerations. Table I illustrates the division 
and shows compounds of three different stoichiom- 
etries which were prepared. The principal objective 
of this work was the preparation of high-purity 
single crystals for subsequent characterization as 
a group of anisotropic semiconductors. A detailed 


Table |. Division and compounds of three stoichiometries 


Class I Class II 

A;"'B.Y AUB,’ AlIRY 
Zn. Ase ZnAs: ZnSb 
Cd,As; CdAs, CdSb 


study of the physics of the materials is the subject 
of a separate paper by Turner, Fischler, and Reese 
(1). 

A generic property of the Class I compounds is 
the occurrence of a crystallographic phase transi- 
tion well below the compound melting point. This 
property requires that special thermal treatment be 
given to single crystals, after growth from stoichio- 
metric melts, in order to avoid excessive strain 
and cracking of the crystals. The compound Cd,As, 
has the distinguishing property, in this class, of 
having an electron mobility higher than that ob- 
served for any binary semiconductor having a com- 
parable carrier concentration (1, 2). 
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The second class of compounds is of particular 
interest because of the properties of relatively high 
optical transmission over a broad wavelength range, 
electrical and optical anisotropy, and the observa- 
tion of cyclotron resonance in three of the com- 
pounds. A greater effort was directed toward the 
Class II compounds because of these properties. 
Since the compounds exhibit thermal dissociation, 
crystal pulling was carried out in sealed quartz 
tubes under a pressure of the more volatile dissocia- 
tion product. As in the Class I compounds, emphasis 
was placed on purification and single crystal growth. 
It was observed that all of the compounds in this 
class could be supercooled to temperatures greater 
than 20°C below their freezing points. Thus, in 
addition to normal crystal pulling, it was possible 
to obtain dendrites of the materials by seeding the 
supercooled melts 


Purification of Elements 


The techniques of distillation, sublimation, and 
zone refining were applied in the purification of the 
elements prior to compound synthesis. In some 
cases, such as in the preparation of ZnSb, it was felt 
that the purity of the elements as obtained from a 
vendor was sufficient to permit a preliminary 
characterization of the semiconductor properties of 
the compound. Of course, a degree of purification 
is generally achieved through crystal pulling of a 
compound. The lowest net carrier concentration ob- 
tained in the purified compounds was 5 x 10“ cm” 
in CdAs,. 

Purification of Arsenic.—Arsenic of 99.999 +% 
purity obtained from the American Smelting and 
Refining Company was found to contain sulfur as 
an impurity. The sulfur was detected through the 
formation of carbonyl sulfide when the arsenic was 
sublimed in sealed quartz tubes containing carbon 
monoxide. Identification and detection of the car- 
bony! sulfide were established through its charac- 
teristic odor and through microwave spectrographic 
analysis.’ Since the sulfur was present probably as 
an arsenic sulfide, purification was attempted 
through reduction of the sulfide with hydrogen at 
an elevated temperature. Purified hydrogen was 
passed over arsenic at a temperature of 300°C and 
this vapor stream was then heated to 950°C in a 
tube furnace. The recrystallized arsenic was tested 
for the presence of sulfur by subliming in a carbon 
monoxide atmosphere with the result that no car- 
bony! sulfide was detected, thereby indicating a 
significant reduction in the sulfur concentration. 
During sublimation of the arsenic in H, at 300°C, it 
was observed that a fibrous black residue remained. 
Spectroscopic analysis of this residue revealed the 
presence of a large number of impurity elements. 
The impurities in the recrystallized arsenic were 
below the limits of detection by emission spectro- 
scopy. 

Purification of cadmium.—Two methods were ex- 
plored in attempts to further purify 99.99% cad- 
mium obtained from the American Smelting and 
Refining Company: (a) zone-refining, and (b) vac- 


' The microwave analysis was carried out at Columbia University 
by M. J. Stevenson. 


July 1961 


uum distillation with refluxing. Zone refining was 
ineffective in removing trace impurities. However, 
vacuum fractional distillation with refluxing car- 
ried out in sealed quartz tubes at 500°C significantly 
reduced the impurity concentrations. After three 
distillations, in which about 20% of the cadmium 
was removed as the purified distillate, the impurity 
concentrations were reduced to levels below the 
limits of spectroscopic detection thus showing re- 
ductions in the quantities of Fe, Pb, Cu, and Bi. 
Recently, cadmium of 99.9999% purity has been 
obtained from the Consolidated Mining and Smelt- 
ing Company. Because the impurities in this mate- 
rial are on the borderline of detectability by spec- 
troscopic analysis, the effect of purification by dis- 
tillation was observed through galvanomagnetic 
and cyclotron resonance measurements made on 
crystals of CdAs.. The cyclotron resonance meas- 
urements indicated a fewer number of imperfec- 
tions in the CdAs, prepared from the triply distilled 
cadmium. 

Purification of zinc.—Zone refining of 99.999“ 
zine (American Smelting and Refining Company) 
was carried out in evacuated sealed quartz tubes 
wherein the ingot was maintained at a temperature 
of about 400°C. The molten zone was controlled 
through the use of a radiant energy heater employ- 
ing an ellipsoidal reflector (3). After an average 
of twenty zone passes, spectroscopic analysis re- 
vealed that, while the concentrations of Pb and Fe 
were reduced, the Cu concentration remained un- 
changed along the ingot. It was subsequently deter- 
mined that the zinc used in the preparation of the 
zine arsenides could be highly purified through frac- 
tional sublimation of the compound Zn,As.. 


Preparation and Properties of the Compounds 

Class I.—Zn,As.:, The semiconducting properties 
of Zn,As, were first observed by Braithwaite whu 
found thin films to be photoconductive with an en- 
ergy gap of 1.1 ev (4). A further investigation of 
the material was carried out at this laboratory. 
f-Zn,As, melts at 1015°C under pressure (5) and 
the compound undergoes a phase transition at 659° 
+ 3°C (6). The crystal structure of 8-Zn,As, is un- 
known. The a-phase is pseudocubic, being tetra- 
gonal with c/a = 2.007 (7). The structure had been 
previously reported as cubic (8) and tetragonal 
with c/a = \/2 (9). 

The method of preparing Zn,As, from zone-re- 
fined ZnAs., and zinc, which has been described 
earlier (6), was subsequently discarded in favor of 
a more direct method requiring less handling of the 
material and resulting ultimately in higher purity 
Zn,As.. Stoichiometric quantities of high-purity zinc 
and arsenic were sealed in quartz tubes containing 
hydrogen and then heated to effect synthesis of the 
compound. The Zn,As. was purified by slow subli- 
mation in a stream of hydrogen at 800°C. Impurity 
concentrations in the material thus obtained were 
below the limits of spectroscopic detection. 

Single crystals of Zn,As. were grown by hori- 
zontal directional freezing in a temperature gradi- 
ent, and by the Bridgman technique. In both cases 
the freezing rate was about 2°C/hr. Due to the 
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solid-solid phase transition it was necessary to cool 
the ingots very slowly through the transition region 
in order to minimize cracking of the material. In 
all cases the horizontally grown crystals were 
oriented in the crystallographic c-direction within 
about 10° although seeding of the melts was not 
attempted. All of the Zn,As, reactions were carried 
out in quartz which had been carbon-coated 
through the cracking of propane at 1000°C. 

Only p-type conductivity has been observed in 
Zn,As, although some samples were prepared using 
slight excesses of zinc or arsenic. The addition of 
selenium introduced a deep impurity level within 
the band (1). Resistivity measurements over the 
range 78°-750°K gave a value for AE, of 1.1 ev. 
Optical absorption curves taken at room tempera- 
ture gave a short wavelength cut-off corresponding 
to 0.93 ev which is considerably higher than the 
value of 0.51 ev obtained by Harbeke and Lautz 
(10). The lowest net carrier concentration obtained 
was approximately 1 x 10" cm”. 

Cd,As,: Relatively little study has been made of 
the semiconductor properties of this compound. 
From electrical measurements on thin films of 
Cd,As., Moss determined a value of 0.14 ev for the 
energy gap (11.) From optical absorption meas- 
urements Turner et al. report a value of 0.13 ev for 
the energy gap at 300°K. The compound is of con- 
siderable interest because of its relatively high 
electron mobility (1, 2). The crystal structure type 
is tetragonal, being pseudocubic with a 12.652A 
and ¢c 12.720A (12). The crystal structure has 
been previously reported both as cubic (8) and 
tetragonal with c/a \/2 (9). 

The preparation of Cd,As., which has a melting 
point of 721°C (13), was complicated by the exis- 
tence of an allotropic phase transition at 578°C. 
Thus, the procedures used in preparing crystals 
from stoichiometric melts and subsequently cooling 
the crystals were the same as those described for 
Zn,As.. In addition, crystal growth was carried out 
by pulling in the apparatus described in the section 
under ZnAs,. Some differences in the properties 
were observed as a function of the method of crys- 
tal growth (1). 

In an attempt to circumvent the problem of frac- 
ture which results from the material experiencing 
the phase transition, crystals were grown from the 
vapor phase below the transition temperature. This 
was accomplished by subliming Cd,As, in a stream 
of H. at 550°C and then recondensing at about 
470°C. The crystals grew in the form of thin needles 
which were roughly square in cross section. The 
largest was about 2 cm long with an average diame- 
ter of 1 mm. Although the impurity concentrations 
in the crystals were below the limits of spectro- 
scopic detection, the measured room temperature 
electron concentration remained at approximately 3 
x 10° cm”, the same as observed in material grown 
from melts. 

The vapor pressure of Cd,As. was measured over 
the range 434°-695°C using two methods selected 
for the purpose of determining the nature of the 
gaseous species (14). Previous vapor pressure 
measurements were made in the range 238°-375°C 
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by the Knudsen effusion method (15). The solid- 
vapor equilibria may be represented by the equation 


1 
Cd,As,(s) = 3Cd (g) + = As(g) [1] 


The equilibrium constant for the dissociation repre- 
sented by the above equation is 


p) ( 
The vapor pressure data may be represented by the 
equation 


0.24 P* [2] 


6600 


log Pan = 
T°K 


[3] 


Class II.—ZnAs,: The compound was shown by 
Heike (16) in 1921 to possess rectification properties, 
and its semiconductor behavior was further investi- 
gated by Fritzsche (17) in 1955. More recently, 
Turner et al. (1, 18) and Fox (19) have reported a 
study of the electrical and optical properties of 
monocrystalline ZnAs. prepared at this laboratory. 
The structure type of ZnAs, determined by Senko 
(20) and co-workers at this laboratory is mono- 
clinic with the unit cell dimensions, a = 9.28, b = 
7.68, c = 8.03A and 8 = 102°19’. The structure was 
previously reported by Stackelberg and Paulus (21) 
to be orthorhombic. ZnAs, melts at 768° + 1°C un- 
der an arsenic pressure of 3.3 atm (22). 

Stoichiometric ZnAs. may be prepared by crys- 
tallization from melts containing in excess of 63 
at. % arsenic. Synthesis of the material was ini- 
tially carried out by heating stoichiometric quanti- 
ties of zinc and arsenic to 780°C in sealed quartz 
tubes containing argon at a pressure of 550 mm 
(STP). The material was contained in a quartz boat 
which had been carbon-coated by heating at 1000°C 
in a stream of high-purity propane. Zone-refining 
was then carried out in a multiple zone resistance 
furnace using a method applicable to decomposing 
solids (23). The zone refining was complicated by 
supercooling of the melt to about 65°C below its 
freezing point. Therefore, the molten zone was 
started at a position of 0.5-1 cm away from the tip 
of the ingot thus using the tip as a seed. After zone- 
refining, one-half of the ingot (tip-section) was re- 
moved and then sealed in another quartz tube for 
crystal growth by the technique of directional 
freezing in a temperature gradient. The character- 
istics of this material have been reported earlier 
(18, 24). 

The quality of the ZnAs, was considerably im- 
proved by changes in the techniques used for puri- 
fication and crystal growth. High-purity arsenic 
was further purified by sublimation in hydrogen in 
the manner described above. The arsenic was then 
combined with 99.999% zine in the stoichiometry 
3Zn:2As and heated in evacuated sealed quartz 
tubes at 1020°C to accomplish synthesis of the 
compound Zn,As.. The Zn,As. was purified by 
sublimation in a stream of hydrogen at 800°C. Im- 
purity concentrations in the Zn,As. were thus re- 
duced to a level below the limits of spectroscopic 
detection. ZnAs, was obtained by reacting arsenic 
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with Zn,As.. An extrapolation of the dissociation 
pressure curve of ZnAs, obtained from dew-point 
measurements indicates that the pressure of arsenic 
in equilibrium with ZnAs, at the compound melting 
point was approximately 2 atm. Therefore, an ex- 
cess of arsenic over stoichiometric proportion was 
added to the reaction tube in order to provide an 
arsenic pressure of 2 atm. Zn,As., contained in a 
quartz boat, and arsenic were sealed in a quartz 
tube containing He at a pressure of 550 mm (STP). 
The tube was placed in a two-zone furnace which 
maintained the Zn,As, at 770°C and the arsenic at 
640°C. Under these conditions the time required to 
complete the synthesis of 50 g of ZnAs. was about 
3 hr. 

Crystal pulling was carried out in sealed quartz 
tubes employing magnetic suspension of the seed 
and crystal (25). Seeds were cut parallel to the 
crystallographic b-direction from crystals grown by 
directional freezing. A quantity of arsenic was 
added to the reaction tubes in order to provide an 
arsenic pressure of 2 atm during crystal growth. 
Helium at a pressure of 550 mm (STP) was used as 
an ambient. Single crystals of both n- and p-type 
ZnAs, were pulled under these conditions. All of the 
undoped crystals grown were p-type. The impurity 
levels in these crystals were below the limits of de- 
tection by emission spectroscopy. Indium was 
added to the melts to produce crystals of n-type 
conductivity. Figure 1 shows a photograph of a 
typical pulled ZnAs, crystal. 

The vapor pressure of ZnAs, was first measured 
by Nesmeyanov et al. in the range 279°-410°C by 
the Knudsen effusion method (26). The authors as- 
sumed that ZnAs, was not dissociated in the vapor 
phase. However, experiments at this laboratory 
have demonstrated that the compound decomposes 
thermally to arsenic and Zn,As, when heated under 
nonequilibrium conditions. Two standard methods 
were employed to measure the dissociation pressure 
of ZnAs, in the range 612°-770°C (22). A dew- 
point method was used from 612° to 759°C and 
triple point measurements covered the range 756°- 
770°C. In the temperature range 612°-740°C the 


Fig. 1. Typical ZnAs: crystal pulled from a melt. The crystal 
is approximately 2 cm long 
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tion 


log P oe +15 [4] 
T°K 


The equilibrium constant for the dissociation reac- 
tion 


1 1 
ZnAs,(s)s Zn,As.(s) + As (8) [5] 


may be expressed as the arsenic pressure only since 
the vapor pressure of Zn,As, is comparatively negli- 
gible. The heat of dissociation calculated from Eq. 
[4] is 18.8 kcal/mole. 

A comparison of the dissociation pressure data 
with the data presented on crystal growth shows 
that the ZnAs, crystals were pulled from nonstoi- 
chiometric, zinc-rich melts due to the loss of some 
arsenic to the vapor phase. Volumetric analysis of 
the material remaining in the quartz crucible after 
crystal pulling gave a zinc concentration of 32.5 wt 
“% compared with the value of 30.38 wt % for 
stoichiometric ZnAs..* This condition presented no 
special disadvantages since (a) it would prove diffi- 
cult to control the arsenic pressure precisely enough 
to maintain an exactly stoichiometric melt and (b) 
the quantity of ZnAs, removed from the melt during 
crystal pulling was only 30-35% of the total initial 
charge. Volumetric analysis of the pulled crystals 
indicated no departure from the ZnAs, stoichiom- 
etry. 

The resistivity of ZnAs. crystals has been meas- 
ured as a function of temperature and of crystal- 
lographic direction between 77° and 300°K (18). 
The maximum axial resistivity ratio is 10 at room 
temperature and increases to 1000 at 77°K. Resis- 
tivity measurements in the intrinsic region above 
room temperature are not reproducible because of 
thermal dissociation. The energy gap width, deter- 
mined from optical absorption studies, is 0.92 ev at 
300°K. Transmission curves for light traveling in 
different crystallographic directions are similar in 
shape but differ in magnitude as might be expected 
from an anisotropic structure. An average value of 
3.38 for the index of refraction was determined 
from multiple reflection peaks in the transmission 
curve of a thin unoriented sample (1). The lowest 
net carrier concentration obtained was 1 x 10” cm”. 

CdAs,: Prior to work carried out at this labora- 
tory, the semiconducting properties of CdAs, had 
not been discussed in the literature. The published 
phase diagram of the Cd-As system shows the 
compound melting point to be 621°C (27). X-ray 
diffraction studies made at this laboratory by Senko 
and co-workers indicate ’ © As, has a tetragonal 
unit cell with the dimensioc.. a = 4.65A and c 
7.93A (28). 

The compound thermally decomposes to give 
Cd,As. and arsenic. The dissociation pressure of 
solid CdAs, has been measured over the tempera- 
ture range 335°-615°C by the dew-point method 
and by a direct method employing a quartz Bourdon 
gauge (14). The data can be fitted to the equation 


2The chemical analyses were carried out by E. Morgan, S. L. 
Phillips, and J. C. Webber of this laboratory. 


data may be represented by the straight line equa- 
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lor P a 7100 +11 [6] which introduced the greater concentration of im- 
Bam = T°’K purities, could be easily purified through distillation 


The equilibrium constant for the dissociation reac- 
tion 


1 1 
CdAs.(s) CdsAs.(s) 3 As(8) [7] 


may be expressed in terms of the arsenic pressure 
only since the pressure contribution from the Cd,As, 
is negligible. The heat of dissociation for the reac- 
tion is 11 kcal/mole. 

Crystal pulling of CdAs, was carried out with an 
apparatus previously described (25, 29). Prior to 
crystal pulling, the compound was synthesized in 
separate sealed quartz tubes by reacting high- 
purity cadmium and arsenic at 650°C in a hydrogen 
ambient. An excess of arsenic over stoichiometric 
proportion was added to the tubes to provide an 
arsenic pressure of 0.5-0.9 atm. For crystal pulling, 
additional arsenic was added to the tubes so that 
this arsenic would provide a pressure of 0.5 atm. 
Since the dissociation pressure of CdAs, is greater 
than 1 atm at the compound melting point, some 
arsenic was lost by the melt to the vapor phase. 
However, so long as the arsenic concentration in the 
melt was maintained greater than 43 wt %, stoi- 
chiometric CdAs, crystals were pulled without dif- 
ficulty. The stoichiometry was determined by volu- 
metric analysis, and x-ray diffraction examination 
showed a single phase only. Argon at a pressure of 
200 mm (STP) was used as an ambient for most of 
the crystal pulling. The crystal growth rate varied 
between 0.5 and 1.0 em/hr. 

While crystals of different carrier concentrations 
have been produced, all of the material has shown 
n-type conductivity. Changes in carrier concentra- 
tions were observed as a function of the degree of 
purification applied to the cadmium and arsenic 
rather than through the addition of impurity ele- 
ments. The heating of high-purity CdAs. under the 
maximum arsenic pressure attainable failed to 
bring about a conductivity-type change. 

The energy gap of CdAs., determined by optical 
absorption studies, is 1.0 ev at 300°K (1, 30). The 
material shows high optical absorption in all crys- 
tallographic directions from the absorption edge to 
about 25y. Cyclotron resonance has been observed 
in the higher purity crystals of this compound (31). 
The lowest net carrier concentration obtained was 
5 x 10% cm”. 

CdSb: Although the semiconducting properties of 
CdSb have been previously investigated (32-37), 
the studies were limited to polycrystalline material. 
The compound is of considerable interest as a po- 
tential thermoelectric material (38-41). CdSb is the 
only stable compound existing in the Cd-Sb system 
and its melting point is 456°C (42). The compound 
has an orthorhombic unit cell with a = 6.471A, b = 
8.526A and c = 8.253A (43). 

During the initial stages in the preparation of the 
compound it was found that zone-refining would 
reduce the concentration of impurity elements pres- 
ent in the material. However, this step was subse- 
quently eliminated because (a) the cadmium, 


and (b) the zone-refining, while in itself a method 
of purification, caused the material to be handled 
both before and after the process thereby increasing 
the probability that other impurities would be in- 
troduced inadvertently. Thus, the synthesis and 
crystal pulling were carried out in the following 
manner. High-purity cadmium and antimony (99.999 
+ % from United Mineral and Chemical Company 
used without further purification) were placed in a 
quartz crucible which was subsequently sealed in a 
quartz crystal growing tube. An excess of Cd over 
CdSb stoichiometry was used to provide pressures 
of 5-20 mm during crystal growth. Hydrogen at a 
pressure of 300 mm (STP) served as an ambient. 
After synthesis of the material, crystal pulling was 
accomplished in the manner previously described. 
All of the single crystals obtained from this process 
showed p-type conductivity with a net carrier con- 
centration of 1 x 10° cm“. When the melts were 
doped with indium to a concentration of 5 x 10” 
at./cc, the crystal showed n-type conductivity at 
room temperature. A permanent conversion to p- 
type conductivity is obtained on heating n-type 
CdSb to temperatures above 200°C. This is proba- 
bly due to the creation of cadmium vacancies 
through thermal dissociation of the compound. 
CdSb thermally dissociates according to the reac- 
tion 
CdSb(s) = Cd(g) + Sb(s) [8] 


The dissociation pressure of the compound has been 
measured over the range 287°-448°C employing a 
dew-point technique (44). The data may be repre- 
sented by the equation 


7200 


log Pim = — 


+10 [9] 


From this equation, the heat of dissociation calcu- 
lated for the reaction is 33 kcal/mole. 

The energy gap of CdSb, obtained from room 
temperature optical absorption studies, is 0.46 ev 
(1, 18). The transmission is reasonably flat from 
the short wavelength cut-off to about 254 and the 
long wavelength cut-off is 324. Cyclotron resonance 
has been observed in crystals prepared from the 
highest purity material (45). 

ZnSb: The electrical properties of polycrystalline 
ZnSb have been studied by several investigators 
(46-48). The compound has shown considerable 
promise as a thermoelectric material both by itself 
(49, 50) and in alloys with CdSb (51). ZnSb crys- 
tallizes in an orthorhombic unit cell with a = 
6.218A, b = 7.741A, and c = 8.115A (46). 

ZnSb forms peritectically at a temperature of 
546°C (52). Single crystals were pulled, by the 
technique previously described, from Zn-Sb melts 
containing 29-31 wt % zinc. The melts were syn- 
thesized in a quartz crystal pulling tube from 
99.999 + % Zn (Canadian Mining and Smelting 
Company, Ltd.) and 99.999 + % Sb (United Min- 
eral and Chemical Company) which were not fur- 
ther purified. The crystals were pulled parallel to 
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the b-axis at rates of 0.5 to 1.0 cm/hr and they all 
showed p-type conductivity. 

Busch, et al. (48) reported an energy gap for 
ZnSb of 0.56 ev determined from resistivity vs. 
temperature measurements. Room temperature 
optical absorption studies carried out at this lab- 
oratory gave an energy gap value of 0.53 ev (1). 
Cyclotron resonance has been observed in samples 
of ZnSb obtained from (a) a small single crystal 
section of a polycrystalline ingot, (b) a dendrite, 
and (c) a section of a normally pulled single crystal 
(45). 
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Desensitization of Zirconium Powder, Especially 
Zirconium Powder Used in Primers 


Peter Karlowicz,' George Norwitz, and Joseph Cohen 


Pitman-Dunn Laboratories, Frankford Arsenal, Philadelphia, Pennsylvania 


ABSTRACT 


A practical and inexpensive method for desensitization of zirconium powder 
is proposed by treatment with 1% hydrofluoric acid for 5 min. The electrostatic 
energy required to set off the powder increased considerably after this treat- 
ment, and the usefulness of the zirconium for primers was not impaired. The effect 
of the desensitization on visual appearance, appearance under the microscope, 
particle size, and behavior on burning was investigated. The most valid ex- 
planation of the desensitization process is that it involves the formation of an 
adherent layer of zirconium hydride by the reaction of the zirconium and 
nascent hydrogen generated when the metal! is attacked by hydrofluoric acid. 
Previous investigators not concerned with the problem of desensitization have 
isolated zirconium hydride films obtained on treating pieces of zirconium metal 
with dilute hydrofluoric acid. Treatment with nonoxidizing acids produces vary- 
ing degrees of desensitization, but the use of hydrofluoric acid is preferable. 
All work on desensitization was performed using zirconium powder intended 
for use in primers, but the method can also be used for zirconium powder in- 


tended for other purposes. 


In recent years zirconium powder has become an 
important constituent of primers because of its sen- 
sitivity characteristics, high heat of combustion, 
stability, and noncorrosive character of the metal 
itself and its reaction products (1, 2). When used in 
primers, zirconium powder is mixed with oxidizing 
agents and primary explosives (1, 2). A drawback 
to the use of zirconium powder is the hazard in- 
volved in handling the material; explosions and 
fires from zirconium powder have caused deaths and 
serious injuries (3, 4). In view of these facts, this 
laboratory undertook an investigation to desensitize 
zirconium powder so that it would not be subject to 
premature ignition (by static electricity, heat, or 
friction), yet still retain its satisfactory characteris- 
tics for primers. A considerable adventage in using 
desensitized zirconium would be that primer com- 
positions could be mixed dry. At the present time 
they must be mixed wet for reasons of safety. 


Factors Influencing the Sensitivity of Zirconium Powder 


In order to develop a satisfactory method for de- 
sensitizing zirconium powder and evaluate such a 
method, it was necessary to understand the factors 
influencing the sensitivity of zirconium powder. 
These factors are as follows: 

Method of manufacture-——The process used for 
making the powder and variations in the same proc- 
ess will affect the sensitivity. Zirconium sponge 
made by low-temperature reduction is more pyro- 
phoric than that made by high-temperature reduc- 
tion (3). When insufficient sodium or magnesium is 
present in reducing zirconium tetrachloride, the 
sponge produced is more pyrophoric (3). It can be 
argued, of course, that these differences are due to 
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the resultant characteristics of the zirconium rather 
than the process itself. 

Physical condition of powder.—The particle size af- 
fects the sensitivity; under ordinary conditions, fine 
material (i.e., material with the greatest surface 
area) will ignite more readily than coarse material 
(3-5). Particles below 10y are especially susceptible 
to spontaneous combustion (5). It is believed that 
particle density, apparent density, and geometric 
shape of the particles affects the sensitivity. The 
method of grinding used to produce the powder af- 
fects all these three properties and is therefore im- 
portant. 

Mass of powder.—Zirconium powder becomes more 
sensitive as the mass increases (3-5). The explana- 
tion of this is that the escape of heat within metal 
powders must largely take place by radiation 
through multiple layers of air (in contrast to solid 
metal in which heat can be transferred internally 
by the relatively efficient process of direct heat con- 
ductivity) and thus the accumulation of heat gene- 
rated within the metal powder by slow oxidation 
becomes increasingly probable with increasing size 
of the powder mass. Andersen and Belz (5) found 
that the ignition temperature was higher for larger 
samples of zirconium powder and that the burning 
frequently took place from the inside of the sample 
to the outside. 

Chemical composition.—Chemical composition has 
an important bearing on the sensitivity of zirconium 
powder. Much consideration has been given to the 
effect of the total oxygen content, but the findings 
have been inconclusive and contradictory (4-9). 
Unquestionably, the oxide coating has a profound 
effect on the sensitivity. When zirconium powder is 
heated in air (particularly just below the ignition 
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temperature) it becomes less sensitive because of 
the thickening of the oxide coating (5). Zirconium 
sponge metal is passivated for rough handling by 
treating with air to produce an oxide coating (4, 
10). It has been claimed that the longer zirconium 
powder is exposed to air, the less sensitive it be- 
comes (11). The Bureau of Mines found little sig- 
nificant change in the sensitivity of zirconium pow- 
der that had been exposed to the air for 6 weeks 
(7). If zirconium powder is heated in a vacuum at 
red heat so that the oxygen from the oxide coating 
diffuses into the metal, the material becomes more 
sensitive (5, 12). 

The effect of the presence of other metals in the 
zirconium on the sensitivity is somewhat uncertain 
because of the difficulty of preparing satisfactory 
powders of zirconium alloys while keeping other 
conditions constant. Andersen and Belz (5) pre- 
pared a series of powders containing 6% or more of 
copper, titanium, nickel, iron, and cobalt. The pow- 
ders containing several per cent of these elements 
were quite sensitive; the powders containing very 
large amounts of these elernents were less sensitive, 
but had poor burning characteristics (5). It has 
been stated that zirconium alloys containing lead 
(13), or chromium, titanium, and manganese (3) 
are pyrophoric. A whole series of pyrophoric zir- 
conium alloys containing such metals as titanium, 
managanese, lead, antimony, and tin has been 
patented (14). It has been claimed that the presence 
of even moderate amounts of impurities, such as 
iron, calcium, and chloride can increase the sensi- 
tivity (3). 

When zirconium is combined with hydrogen, the 
sensitivity decreases considerably (5). Andersen 
and Belz (5) found that the ignition temperature 
of zirconium hydride was greater than 400°C and 
that the electrostatic energy was 0.025 joule, but 
the reaction was not sustained. Hartmann, Nagy, 
and Jacobson (7) found that the electrostatic ener- 
gies for two samples of zirconium hydride were 
0.320 and 0.064 joules (as contrasted with the elec- 
trostatic energies for samples of zirconium powder 
of 0.0004, 0.0008, 0.0010, 0.0064, and 0.240 joules). 
The electrostatic energies for two samples of zir- 
conium hydride tested in this laboratory were 0.045 
and 0.125 joules. The above figures are cited to il- 
lustrate the fact that zirconium hydride is less sen- 
sitive than zirconium. This fact is of extreme im- 
portance as will be shown later. As far as the 
authors have been able to ascertain, no serious fires 
or explosions have resulted from the use of zir- 
conium hydride as such. 

Effect of water.—The effect of water on the sensi- 
tivity is controversial. Andersen and Belz (5) found 
that the ignition temperature of zirconium powder 
increased with increasing amounts of water due in 
part to slight oxidation of the zirconium by the 
boiling water. The rate of increase was slight for 
up to 20% water, but it was rapid for more than 
20% water. Herickes and Richardson (15) found 
that moist zirconium powder was less sensitive to 
friction than the dry material. The belief persists 
with the zirconium industry and the Atomic Energy 
Commission that zirconium powder containing up 
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to about 16% of water is more susceptible to spon- 
taneous combustion than dry zirconium (3). Evi- 
dence for this is the fact that a preponderant num- 
ber of the fires and explosions involving zirconium 
powder and scrap have taken place when water or 
moisture were present (3, 4). The Ordnance De- 
partment believes that zirconium powder for 
primers is much safer to transport if it is mixed 
with water to form a slurry containing at least 25% 
water by weight (16, 17, Some Atomic Energy 
establishments recommend that zirconium powder 
be transported completely dry (3, 8). Wet zir- 
conium, once ignited, will burn more intensely than 
dry zirconium because at high temperature water 
actually supports the combustion (3, 6). Also, the 
capability of water for supporting the combustion 
makes the presence of oxygen from the air unneces- 
sary. The ability of water to increase the intensity 
of the combustion of zirconium reaches a maximum 
when about 5-10% water is present (6). 

Effect of the atmosphere.—The susceptibility of zir- 
conium powder to ignition is eliminated if the pow- 
der is blanketed with a completely inert atmosphere 
such as argon or helium (6, 9). Nitrogen has also 
been used as a protective atmosphere (6), but it 
is not entirely satisfactory since zirconium can burn 
in nitrogen and also in carbon dioxide (7, 18). 


Methods of Desensitization 

Zirconium has been desensitized by coating with 
copper (7) or by coating with a plastic film pro- 
duced by applying a solution of polystyrene in ben- 
zene (11). Such desensitized zirconium had unsat- 
isfactory burning characteristics. 

Another proposed process was treatment with 
carbon tetrachloride (3). The process seemed to be 
effective but subsequently was abandoned when a 
violent explosion took place on treating one batch 
of powder (3). . 

Some laboratories have attempted to desensitize 
zirconium powder by increasing the thickness of the 
oxide film by exposure to air or oxygen at room 
temperature. This method has not proved particu- 
larly effective. 

The sensitivity of zirconium powder has been re- 
duced considerably by eliminating the finer parti- 
cles by elutriation, but the process is time-consum- 
ing, not always reliable, and expensive. 


Proposed Method Using Hydrofluoric Acid 


After considerable experimental work using dif- 
ferent methods of approach, a practical and inex- 
pensive procedure for desensitizing zirconium pow- 
der was developed which probably involves the 
formation of a protective layer of zirconium hy- 
dride. In this procedure the powder is treated with 
1% HF for 5 min and the zirconium is filtered and 
washed with water, followed by acetone and ether 
to remove the water. A patent application has been 
made for the method (19). 

The most desirable concentration of HF is 1%. 
With lower concentrations of acid the decrease in 
sensitivity is less; with higher concentrations the 
reaction is too vigorous. The temperature is regu- 
lated between 25° to 55°C by adding crushed ice 
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(or water at 5°C) when necessary. Above 60°C the 
reaction becomes vigorous; below 10°C it ceases 
almost entirely. The loss of metallic zirconium in 
the method amounts to about 1%. It has not been 
determined what is the maximum amount of zir- 
conium that can be handled at any one time by the 
method. The largest amount of zirconium desensi- 
tized at any one time in this laboratory was 300 g, 
which is the amount normally used in making a 
batch of primers. 

Method.—The zirconium is placed in a hard rub- 
ber or plastic container resistant to acetone. Enough 
water is added to just cover the zirconium, and a 
plastic spatula resistant to acetone is inserted. The 
container is placed under a hood and 1% HF (1 
volume of concentrated HF to 99 volumes of water) 
is added over a period of 15 sec while stirring. For 
20 to 50 g of zirconium, 150 ml of 1% HF is used; 
for 100 g, 300 ml; for 300 g, 600 ml. After the HF 
has been added, the time is noted and the reaction 
is allowed to proceed for 5 min while stirring con- 
tinuously. The temperature is controlled between 
25° and 55°C by adding crushed ice when neces- 
sary. The temperature will not rise above 35°C 
when working with less than 100 g of zirconium. At 
the end of the 5-min period, sufficient crushed ice 
is added with stirring so that the temperature drops 
below 10°C. The zirconium is allowed to settle for 
a few minutes, and the supernatant liquid is de- 
canted through a coarse filter paper set into a 2% 
in. Buchner funnel made of porcelain, hard rubber, 
or plastic resistant to acetone. The zirconium is 
washed twice by decantation with distilled or other 
high-purity water heated to 50°-60°C and then 
several times with water at room temperature. The 
volume used for each washing is approximately 
equal to the volume of 1% HF used for treating the 
sample. The zirconium is stirred thoroughly and the 
sides of the container are washed down after each 
addition of water. After the final washing with 
water, the zirconium is washed twice with acetone 
by decantation and once with ethyl ether. In these 
washings just sufficient acetone and ether are added 
to cover the zirconium. The zirconium is dried by 
allowing it to stand overnight in a hood. 


Use of Other Reagents in Place of HF 

Nitric acid, ammonium hydroxide, and 10% po- 
tassium hydroxide did not attack zirconium powder 
and produced no desensitization. Mixtures of nitric 
and hydrochloric acids with and without water at- 
tacked zirconium (20) but did not desensitize it. 

Nonoxidizing acids that attacked zirconium pro- 
duced desensitization in varying degrees. The non- 
oxidizing acids that attacked zirconium more readily 
produced a greater degree of desensitization. Three 
percent sulfuric acid was fairly effective, but a 30- 
min reaction period was required, and it was diffi- 
cult to wash out the sulfuric acid. Hydrochloric 
acid (1 to 1) produced some desensitization but, a 
standing period of several days was necessary [at 
the end of several days the attack of zirconium by 
hydrochloric acid is quite appreciable (21) ]. Phos- 
phoric acid could not be used because insoluble 
zirconium phosphate precipitated. 
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Mixtures of nonoxidizing acids that attacked 
zirconium (H.SO, + HF, HCl + HF, etc.) and mix- 
tures of nonoxidizing acids and fluoride salts could 
be used. However, these combinations seemed to 
offer no apparent advantage over the 1% HF. 


Comparison of Properties of Untreated and 
Treated Zirconium 
An investigation was made to detect any changes 
that might have taken place as a result of the 
hydrofluoric acid treatment. Experimental work for 
this investigation was carried out on two large lots 
of zirconium powder. Typical results are given since 
check results were substantially the same. 
Electrostatic energies (16) were as follows: 


Before desensitization After desensitization 


0.090 joule 
0.125 joule 


Lot A 
Lot B 


<0.000125 joule 
0.00125 joule 


The untreated zirconium was charcoal gray in 
color while the treated material was gray with a 
slight tinge of gold. The appearance under the 
microscope of the untreated and treated zirconium 
was the same with regard to the size and irregu- 
larity of the particles, but the treated material 
seemed somewhat more lustrous. Photomicrographs 
taken before and after desensitization (300X) 
seemed identical. 

The particle size distribution as determined by 
the Andreasen pipet (16) showed no significant 
change. Results obtained were as follows: 


Fraction Lot A Lot B 
After 


desens. 


Before 
desens. 


Before 
desens. 


After 
desens. 


10u or less 1.06 0.99 1.98 2.26 


10-20u 
20-30u 46.85 45.54 
30-40u 32.47 37.29 
40-50u 3.19 1.65 


15.97 14.52 15.51 


15.84 


14.93 
23.27 
31.68 24.59 
28.38 28.54 


The behavior of the untreated and treated zir- 
conium powder on ignition with a match was ex- 
tremely interesting and probably very important. In 
this test 2 mg of the material was placed on an 
asbestos pad under a hood and a lighted match ap- 
plied (in using this test it is essential that all zir- 
conium except the 2 mg sample be removed from 
the vicinity). The untreated (sensitive) material 
ignited readily, generally did not give off sparks, 
and left a brownish colored ash with dark particles 
that indicated incomplete combustion. The treated 
material ignited with difficulty, gave off sparks, and 
left a gray uniform ash that indicated complete 
combustion. 

Treated zirconium was incorporated into a primer 
mix and used in 3000 rounds of ammunition which 
were test fired after loading and found to function 
well ballistically. 


Discussion of the Probable Mechanism of Desensitization 

It is believed that the desensitization process in- 
volves the formation of an adherent layer of zirco- 
nium hydride by the reaction of zirconium and nas- 
cent hydrogen generated when the metal is attacked 
by a nonoxidizing acid. James and Straumanis (22), 
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and Straumanis, James, and Neiman (23) found 
that a black or gray coating of zirconium hydride 
was produced on pieces of zirconium metal treated 
with dilute hydrofluoric acid. They isolated the 
coating and identified it by x-ray diffraction. Smith 
found that the zirconium hydride coating was pro- 
duced by sulfuric acid (24), and Kuhn found that it 
was produced by hydrochloric acid (after several 
days) (21). When an oxidizing agent such as nitric 
acid was present in significant amounts, no film of 
zirconium hydride could be formed and the zirco- 
nium remained bright and shiny (22). None of the 
above investigators were concerned with the prob- 
lem of desensitization. 

The reactions of zirconium with hydrofluoric, 
sulfuric, and hydrochloric acids are as follows (20, 
21). 


Zr + 6HF > H.ZrF, + 2H, 
Zr + 3H,SO, + H,O-> H,ZrO(SO,), + 2H, 


Zr + 2HCl + H,O ZrOCl, + 2H, 


The hydrogen is shown in the above equations as 
molecular hydrogen as is customary. However, it is 
well known that when a metal dissolves in a non- 
oxidizing acid, the hydrogen is released at the sur- 
face of the metal in nascent form that is very re- 
active (12). This is important, since it has been 
brought out by investigations of the zirconium- 
hydrogen system that molecular hydrogen does not 
form a film of zirconium hydride (20, 25). 

When nitric acid is present in the dissolving 
medium, it would be expected that water, ammo- 
nium ion, nitrate, and oxides of nitrogen would be 
produced but no hydrogen (12). The fact that nitric 
acid can prevent both the formation of a zirconium 
hydride film and desensitization is a powerful argu- 
ment in favor of the zirconium hydride theory of 
desensitization. 

How can the coating of zirconium hydride lower 
the sensitivity of zirconium powder? To answer 
this, it will be recalled that zirconium hydride is 
much less sensitive than zirconium, and therefore it 
would be expected that zirconium powder coated 
with zirconium hydride would be much less sensi- 
tive than the original zirconium powder. 

Before deciding on the zirconium hydride theory, 
it was thought that the mechanism of the method 
involved the dissolution of the old coating of zir- 
conium oxide and the formation of a new more ad- 
herent coating on washing with water (Zr + 2H.O-> 
ZrO, + 2H.) (5). The fact that a mixture of nitric 
and hydrochloric acids did not desensitize zirco- 
nium, although it attacked it (20), eliminated this 
theory as the chief mechanism. However, it is pos- 
sible that an oxide film is formed over (or conceiv- 
ably with) the zirconium hydride film. There can 
be no doubt concerning the fact that a zirconium 
oxide film forms on zirconium metal and powder 
exposed to air. Hickman and Gulbransen (26) 
studied the oxide film on powder and found it to be 
monoclinic ZrO,. Meyer (27) removed the old oxide 
film from pieces of zirconium metal by treating with 
a mixture of hydrofluoric and nitric acids, followed 
by heating in a vacuum at 750°C. He then placed 
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the specimens in a sodium sulfate solution and ob- 
served the growth of the oxide film by an electro- 
chemical method. 

There are certain other aspects of the desensitiza- 
tion process that should be considered. The process 
would be expected to dissolve off the sharp edges of 
the particles somewhat and thus increase, if only 
slightly, the radius of curvature of the sharp pro- 
tuberances. As a result the “sensitivity to electricity” 
would tend to diminish, because the resulting greater 
contact between particles would lower contact re- 
sistance and more energy would be required to cause 
ignition. Higher values would then be obtained with 
the electrostatic energy test. Another contributing 
cause to the effectiveness of the desensitization pro- 
cess would be the elimination of impurities from the 
surface. As stated previously, the desensitization 
process does not seem to cause a significant change 
in the particle size distribution. However, it is prob- 
able that particles whose diameter is less than ly 
would be eliminated, and this would contribute to 
the desensitization. These three effects, namely, the 
smoothing out of the particles, the elimination of 
surface impurities, and the elimination of very 
minute particles, may be important, but none of 
them could be the prime explanation of the desensi- 
tization process. If one of them were the prime ex- 
planation, then the hydrochloric-nitric acid medium 
would desensitize zirconium. 

It is not believed that fluoride is a component of 
any protective film that is formed, since other non- 
oxidizing acids besides hydrofluoric acid produce 
desensitization (hydrofluoric acid is more effective 
because it attacks zirconium more readily). Exami- 
nation of treated zirconium by available analytical 
methods showed that only traces of fluoride were 
present. 

It is not believed that the process affects the po- 
rosity significantly. Andersen and Belz (5) stated 
that porosity contributes negligibly to the surface 
area of zirconium powder but their findings were 
by no means conclusive. 


Application of the Method to Other Materials Besides 
Zirconium Powder Used for Primers 


All work in this laboratory on desensitization was 
performed with zirconium powder used for primers. 
However, the method could also be used to desensi- 
tize zirconium powder used for special pyrotechnics, 
rockets, powder metallurgy, gettering, and flash- 
bulbs. The method could also probably be used to 
desensitize Kroll process residues, and zirconium 
scrap which ordinarily consists of a mixture of zir- 
conium powder, shavings, drillings, pieces, etc. The 
safe storage of zirconium scrap is a pressing prob- 
lem, since many fires and explosions have originated 
from this source (3, 4). 

Since titanium also produces a hydride coating 
on treatment with hydrofluoric acid (28), it would 
be expected that the method could desensitize ti- 
tanium powder. However, since titanium powder is 
much less sensitive than zirconium powder (5, 7), 
the application of the method to titanium powder 
would probably be of lesser importance. 
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Almost certainly the procedure could be used to 
desensitize hafnium powder, since the reactions of 
hafnium are almost identical with those of zirco- 
nium (20). 
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Anodic Polarization Curves in Molten Carbonate Electrolysis 


George J. Janz and Fumihiko Saegusa 
Department of Chemistry, Rensselaer Polytechnic Institute, Troy, New York 


ABSTRACT 


Some anodic polarization curves for platinum, gold, and silver, for molten 
carbonate electrolysis in the range 500°-900°C and 10°-10° amp cm” are re- 
ported. All measurements were made using the ternary mixture, Li,Na,K/CO, = 
4:3:3 (mp 397°C), respectively, and the steady-state overvoltage technique, the 
measurements being referred to the “platinum” reference electrode. A theo- 
retical kinetic analysis of various possible processes contributing to anodic oxy- 
gen evolution is developed. It appears that in the region of 600°C, the rate- 
determining process is 

MO + O° M + O: + 


At the higher temperatures, competing processes such as metal dissolution and 
reduction of the anodic oxide layer are more important as noted from the 
nature of the anodic polarization curves. 


In the previous paper (1), an investigation of the 
overvoltage of oxygen evolution at a platinum elec- 
trode in a mixture of molten alkali carbonates was 
reported. The overvoltage-current density relations 
up to 1000°C and the Tafel plot were examined on 
basis of the carbonate dissociation and oxide ion 


scheme. Due to the exploratory nature of the work 
and the inherent experimental difficulties on the oxy- 
gen overvoltage measurement, the results were not 
sufficiently accurate for the determination of the re- 
action mechanism. The present communication de- 
scribes a more detailed study of the anodic polariza- 
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tion curves. Interpretation of electrode kinetics is 
discussed relative to possible mechanisms for the 
oxygen evolution reactions in molten carbonate elec- 
trolysis. 

Experimental 


Materials.—Lithium, potassium, and sodium carbon- 
ates (AnalaR, Reagent Grade, Fisher Chemical Com- 
pany) were dried in a platinum crucible under CO, 
atmosphere and stored over P.O, until required for 
use. The composition of the ternary mixture em- 
ployed in the present work was Li,CO,: K.CO,: Na,CO, 
4:3:3 (mole ratio). Sixty-five grams of the homo- 
geneous mixture was prepared for each run in a 
Hoskins furnace under CO, atmosphere prior to the 
measurements. 
Gases.—Oxygen (Linde Company) was purified by 
passing through cupric oxide heated at 700°C in a 
Vycor tube, then a column of soda lime and succes- 
sive trains of drying agents, i.e., silica gel, Mg(C1O,). 
and P.O,. CO, (Matheson Company) was dried by 
passage through columns of silica gel and P.O,. 
Apparatus.—The general view of the experimental 
assembly is shown in Fig. 1. The furnace element 
consisted of an alundum core, A, 2% in. ID by 22% 
in., which was wound with five separate sections of 
Kanthal resistance wire. The core was protected by 
an insertion of replaceable inner sheath, B, of 2 in. ID 
alundum tubing from any carbonate attack either 
bubble-splashed or vaporized during the measure- 
ment. A gold-palladium crucible, C, containing the 
melt was placed in an alundum support, D, which was 
positioned in the uniform heating zone by moving 
an alundum rod, E, through the furnace bottom. Small 
adjustment of the crucible position could be made by 


= > 


F 


Fig. 1. General view of furnace assembly: A, alundum core, 
2% in. ID; B, inner protective core, 2 in. ID; C, gold-palladium 
crucible; D, crucible support; E, alundum rod; F, lab-jack; G, 
Pt-Pt 10% Rh thermocouple; H, alundum baffle; |, copper 
water-cooled spiral. 
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aid of a lab-jack, F. A Pt-Pt, 10% Rh thermocouple, 
G, housed in the rod, served the furnace temperature 
control by means of a controller (L&N Speedomax 
H). A series of alundum disks, H, above the crucible 
served as baffles to minimize heat losses and, at the 
same time, as electrode supports. For protection of 
the electrical leads, the furnace top was water cooled 
by a copper spiral, I. 

Cell design.—Due to the highly corrosive nature of 
the carbonates, particular difficulty is met in finding 
suitable materials for contact with the melts. Ex- 
ploratory tests in this laboratory showed that gold or 
gold-palladium alloy (80-20%) seemed most satis- 
factory for the requirement of the present study, 
showing little or negligible corrosion after 60 hr in 
molten carbonates at temperatures up to 950°C. Uni- 
form current distribution over the electrode is re- 
quired in the direct method of overpotential meas- 
urement. Techniques developed for aqueous systems 
are not adapted readily to the molten system. In the 
present work, the crucible itself as an opposite elec- 
trode with a test electrode placed in the geometrical 
center of the electrolyte therein contained was the 
arrangement used. 

The cell, shown in detail in Fig. 2, consisted of a 
gold-palladium (80-20%) crucible, A, of approxi- 
mately 55 ml capacity, which served as a cathode by 
an attached wire, B, of the same alloy. An anode, C, 
approximately trapezoid in shape with an apparent 
surface area of 3.25 cm’, was positioned in the center 
of the melt. The platinum reference electrode, D, was 
positioned 0.2 cm from the anode. A gold-palladium 
tube, E, of % in. diameter was used for CO, bubbling. 
A number of small holes at the sealed end ensured ef- 
fective gas bubbling. The upper end was sealed to an 
alundum inlet to which the CO,-oxygen mixtures 
were monitored by flowmeters. Temperatures were 
measured with a Pt-Pt, 10% Rh thermocouple, F. The 
latter was placed in Vycor tubing sheathed with gold 
and immersed in the carbonate melt. 

All metallic parts exposed above the electrolyte 
were extended bare for an appreciable distance be- 


Fig. 2. Cell design: A, gold-palladium crucible; B, cathode 
wire, gold-palladium; C, anode; D, reference electrode; E, gas 
bubbling tubing, gold-palladium; F, gold thermocouple 
sheath; G, alundum baffle; H, protective baffle cover. 
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fore being encased in the ceramic supports in order to 
protect against carbonate-ceramic attack by possible 
splashing. The bottom baffle, G, also was protected by 
an alundum cover, H, which could be replaced easily. 
Electrodes.—Three different kinds of metal sheet, 
platinum, gold, and silver, were used as anodes, each 
supported by a thick wire of the same metal. Where 
the wire was in contact with the electrolyte, a thin- 
ner wire was used. 

With electrodes for which surface roughness is 
varied by oxidation during anodic oxygen evolution, 
“conditioning” of the electrodes to gain a stable sur- 
face condition preceding the overpotential measure- 
ments is essential. The electrodes used were in solid 
form and prior to assembly they were subjected to a 
standard treatment, i.e., degreasing, hot 10N HNO, 
bath, and washing with water. For silver, cold dilute 
acid was used. 

If the ratio of the true electrode area to the ap- 
parent area is given by q, the Tafel’s relation is ex- 
pressed by 


n=a+blogi=a + blog (i’/q) [la] 


n= a’ + blog? [1b] 


where 7’ is the apparent current density. When the 
surface roughness of the electrode remains un- 
changed throughout the measurement, the plot of 7 
against i’ gives a correct slope b with an apparent 
a-value that is a’ = a— b log q. On the other hand, if 
q is changed with the change in current density, the 
Tafel plot may lead to incorrect a- and b-values. A 
displacement of the Tafel slope, when determined 
with ascending and descending current densities, 
may be attributed, in part, to the latter factor. This 
criterion was used in all measurements since the 
results were referred to the apparent areas of the 
anodes. 

Relative to the reference electrode, it has been ob- 
served that the “platinum” electrode is reversible to 
oxygen and oxide ion at elevated temperatures in 
molten salts such as carbonates (1, 3) borates (4), 
sulfates (5), and silicates (6). In the present work, 
the reference electrode consisted of a % in. diameter 
platinum tube having a series of small holes for oxy- 
gen bubbling pierced in the lower, sealed end. This 
was welded to a long fine-bore alundum tube support 
for gas inlet and a platinum lead wire. As procedure 
for stabilization of the reference electrode, a brief 
period of oxygen bubbling through the electrode, 
prior to each series of measurements, was found sat- 
isfactory. 

Measurements.—Potential measurements were 
made by the direct method. The electrical circuit 
was fundamentally the same as that used previously 
(1), except it was provided with a potential recorder 
(L&N “Azar”). Polarizing current was supplied from 
22.5 v batteries through variable resistors. After the 
electrolyte had been brought to the desired temper- 
ature under continuous CO,—O, bubbling, the elec- 
trode was conditioned with maximum current of 30 
ma cm™ prior to each measurement. The electrolyte 
was to be agitated constantly by effective gas-bubbl- 
ing to minimize the concentration effect. 
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Fig. 3. Typical steady-state potential readings at different 
current densities. 


The use of an arbitrary time as criterion of “a 
steady value” should be avoided (7), and the use 
of a potential recorder is most convenient to ascer- 
tain when the steady-state overpotential has been 
attained. The determination of the overvoltage-cur- 


rent density relationship was made by starting at 
the maximum current density and reducing the cur- 
rent density to zero current. Values obtained by in- 
creasing the current density agree within +2 mv. 
It was observed that a relatively long period was 
required for the steady potential to be attained at 
the starting current density, and that this period 
decreased with increasing temperature. A typical 
potential reading on the recorder for measurements 
at 700°C is shown in Fig. 3. It is readily apparent 
that the steady-state potential could be observed 
for relatively long periods of time. 

The upper limit to the current density range for 
accurate measurements is determined either by the 
IR drop in the electrolyte between the electrode sur- 
face and the reference electrode or concentration 
polarization. Knowledge of the electrical conduct- 
ance is essential to the estimate of the IR drop. While 
no values have been reported for mixtures of car- 
bonates, the specific conductance for the present 
electrolyte was estimated from the precise conduct- 
ance data for the three pure carbonates recently 
reported elsewhere (8), using the simple principle 
of mole fraction additivity. Evaluation of this es- 
timation method with the data for the pure molten 
alkali halides and their mixtures (9) shows that 
the values thus predicted are good first approx- 
imations and may be taken as upper limits for these 
values. The results for the Li,CO,—Na,CO,—K,CO, 
mixture (4:3:3) thus obtained, and the limiting cur- 
rent densities thus predicted for Viz = 1 mv anda 
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0.2 cm electrolyte gap between reference and test 
electrodes, are: 


Temp, °C 600 
1.9 


0.010 


700 
2.4 
0.012 


800 
2.9 
0.015 


900 


« (ohm™ cm") 3.4 


0.017 


It is apparent that the electrolyte IR drop correction 
is almost negligible in a system of such high elec- 
trical conductance. The lower limit to the current 
density depends on depolarization. No measurements 
are known for the oxygen electrode with micro- 
currents. The order of 10° ~ 10° amp cm” may be 
expected to be the lower limit of the current density. 

The possible effect of the resistance (IR) of cor- 
rosion products on the anode, such as oxide films, 
on the overpotential measurements remains open 
and must await the extension of more elaborate 
nonsteady-state techniques to such high temperature 
systems. The steady-state or direct method offers 
no insight on this. It was assumed that this IR drop 
in the present range of current density was small 
enough to be neglected. Some support for this is 
seen in that the drop in the voltage decay curve as 
observed by the off-current appeared instantaneous, 
within the limits of the technique and instruments 
in this work. 


i (amp cm”) 


Results 

The rate of the mixed gas flow for bubbling was 
maintained constant, i.e., CO,:50 ce/min, and O,: 42.8 
cc/min, throughout the runs. The results thus ob- 
tained for the range 600°-900°C are summarized in 
Table I. For comparison the values were taken from 
a series of decreasing current. The rather long 
periods for the attainment of steady-state poten- 
tials below 600°C made measurements below this 
limit impracticable. 

Platinum.—The results are illustrated in Fig. 4 
where » is graphed as a log function of c.d. for the 
various temperatures studied. At 600°C and in the 
low current density range it is apparent that plat- 


Table |. Oxygen overpotential at different metal anodes referred to 
platinum electrode in the same electrolyte 


Overpotential, mV 
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Apparent 

current Platinum Gold Silver 
density Temper- Temper- Temper- 
i’, 10-* x ature, °C ature, °C ature, °C 
amp cm-* 600 700 800 900 600 700 800 900 600 650 
15.4 309 230 223 213 356 228 190 183 122 93 
9.23 268 196 189 173 314 198 156 150 89 57 
6.15 227 174 168 150 289 178 135 129 64 32 
3.08 175 140 128 119 255 153 108 99 26 —1 
1.54 137 118 102 80 217 129 91 77 —5 —28 
0.923 119 106 73 55 191 114 78 64 —20 —39 
0.615 108 95 65 38 173 97 69 53 —29 —45 
0.308 92 73 37 20 142 75 52 40 —42 —53 
0.154 79 49 23 10 118 52 39 32 —48 —57 
0.0923 70 37 15 6 102 43 35 29 —50 —59 
0.0615 60 28 9 4 90 38 31 27 —53 —60 
0.0308 45 17 5 2 72 32 27 25 —54 —62 
0.0154 1 55 28 25 24 —55 —63 
0.00615 15 6 1 0 42 25 24 23 —55 —63 
0.00308 9 4 90 36 25 24 23 —55 —63 
0.00154 -_ = 33 25 24 23 —56 —63 
0.000615 2 2 31 25 24 23 —56 —63 
0.000307 1 2 31 25 24 23 —56 —63 
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i’ (amp cm-*) 


Fig. 4. Oxygen overpotential at platinum plotted against 
log apparent current density. 


(amp cm-*) 


Fig. 5. Effect of cathode materials on the oxygen overpo- 
tential at platinum anode at 600° and 900°C. Dotted circle, 
gold-palladium cathode; encircled circle, open circle, gold; 
+, platinum [see ref. (1)]. 


inum exhibits an overpotential in accord with the 
Tafel equation. The linear portion decreases with 
increasing temperatures until it is an almost smooth 
curve. The platinum surface was grayish in appear- 
ance after these measurements. 

The possible effects of the cathode materials on 
the anodic polarization measurements were investi- 
gated, and the results at the two extreme temper- 
atures are illustrated in Fig. 5. At 600°C and with 
platinum, gold, and gold-20% palladium alloy as 
cathodes, the anodic Tafel slopes remain essentially 
unchanged, but at 900°C, considerable differences 
were evident. At these higher temperatures the 
cathode showed evidence of attack, most probably 
due to alloying reactions with the electrodeposited 
alkali metal. 

The Tafel slopes at the low current densities, by 
the method of least squares, are 0.050 at 600°C and 
0.068 at 700°C. 

Gold.—The results are found in Fig. 6 and show 
the distinct linear relationship at lower temperatures 
(600°C), with the gradual but definite disappearance 
of this region with increasing temperatures. In con- 
trast to platinum, two linear portions, of slope 0.062 
and then 0.12, are found for the gold anode at 600°C. 
At 700°C, the observed Tafel slope is 0.070. The 
anode was clean and bright after the measurements, 
but the appearance of crystal grains on the gold 
surface indicated some attack, most probably due 
to metal dissolution at the higher temperatures. 
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 (omp cm-*) 


Fig. 6. Oxygen overpotential at gold plotted against log 
apparent current density. 


ot 1078 


i (omp cm*) 


Fig. 7. Oxygen overpotential at siiver plotted against log 
apparent current density. 


Silver.—Silver suffered severe anodic dissolution. 
The attack became considerable with increase of 
temperature accompanied by a change in electrode 
shapes. The graph of the experimental values taken 
at low temperatures is illustrated in Fig. 7. No ap- 
preciable polarization is seen until 10° amp cm’; this 
is followed by a gradual smoothed increase as the 
current density increases. The curves do not exhibit 
the clear linear relationships noted for platinum 
and gold for this range of current densities. 


Discussion 

The process of electrical conductance in molten 
carbonates is understood (8), in large part, as a 
Grotthuss-type mechanism in which the “contact- 
ion” pair (M’CO,*)~ is predominant and the rate- 
determining process is a cooperative jump-rotation. 
The ions in these melts are predominantly the spe- 
cies M’ and CO,, with the “contact-ion” pair 
(M’‘CO,*)~ being statistically a short-lived coulom- 
bic complex important in the diffusion and conduct- 
ance processes. It would be predicted that the ac- 
tivity of the oxide ion, O”, in these melts is con- 
trolled by the equilibrium 


co,* = CO, + O* [2] 


An estimate of the oxide ion activity can be gained 
from the recent data on the molar volumes for mol- 
ten carbonates (8) and the Broers equation (10) 
for the above equilibrium 
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Table II. Concentration of oxide and carbonate ions and partial 
limiting current density 


Temp, °C mole cm-* 
600 1.2 x 10” 
700 . 8.6 x 10°” 
800 ‘ 2.8 x 10° 
900 5.0 x 10° 


* Practical limiting current density referred to O-=. 
+ Practical limiting current density referred to CO--. 


Pco. 10° ‘ 7.80 [3] 
=— 

45.7 T 

The results, at four temperatures, and the calculated 
limiting current densities, i,, assuming that oxygen 
is transported solely by the oxide ions in the bulk 
of the melt, are given in the 2nd and 3rd columns, 
respectively, of Table II. The latter were calculated 
from the well-known relation 


i, = nFDC,/8(1 —t ) [4] 


taking D = 3 x 10° cm’ sec" for the oxide ion (10), 
and 6 as 10° cm for a vigorously stirred liquid, and 
assuming that the term with the transport number 
was unity as a first estimate. The 3rd and 4th col- 
umns in Table II list the results for the case where 


» the oxygen is transported in the solvated state by 


the jump-rotation mechanism advanced elsewhere 
(5) in detail. For this calculation, the value of D 

2.79 sec’ (894°C) from self-diffusion 
data (11), and an estimated upper limit (12), for 
t as 0.8, were used. For both, the value of the prac- 
tical limiting current density was gained from i., 
taking the value of 3% as an upper limit of the 
permissible concentration change at the anode (13). 
It is apparent from these values, and the jump-rota- 
tion mechanism of oxygen transport in the melt, 
that the linear portion of the »-log i relation may 
be ascribed more properly to an activation-con- 
trolled polarization rather than the concentration 
polarization (oxide-ion buildup) suggested in the 
previous communication (1). 

An analysis of the anodic polarization curves in 
the light of the possible mechanisms for the oxygen 
evolution processes in the molten carbonate elec- 
trolysis is of interest. The over-all anodic reaction 
undoubtedly is 


1 
CO,* = CO, + 0. + 2€ [5] 


In view of the carbonate ion-oxide ion equilibrium 
(Eq. [2]), the possible anodic mechanisms may be 
conceived as: 


Mechanism I. The formation of an “oxide” on the 
anodic surface 


+M-MO + 2e [6] 
with a consecutive “oxide”-oxide ion reaction 


MO + O° >M+0.+2e [7] 


leading to the oxygen evolution. 


4 
i* G it 
(MzCOs), (0.03 io), 
= @ 
195x 10° 79 
% 2 
191 x 10% = 7.7 
if 1.86 10° 7.5 
° 1.82 x 10° 7.3 | 
= 4 
= 
=, 
2 
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Table I1!. Comparison of Tafel slopes 


Tafel slope Apparent 
predicted, Tafel slope 
2.3 RT/3F observed 


0.058 0.050 (Pt) 
0.062 (Au) 


0.064 0.068 (Pt) 
0.078 (Au) 


Mechanism II. The formation of an “oxide” on 
the anodic surface 


O* + M-> MO+2e [6] 
with the consecutive “oxide-oxide” surface reaction 
MO + MO~ 2M + O, [8] 


completing the oxygen evolution process. 


The detailed theoretical treatment of the kinetic 
analysis is given in the Appendix. The predicted 
Tafel slope is (RT/F) if the “oxide” formation 
step (Eq. [6]) is rate-determining, or at very high 
current densities for the metal “oxide”-oxygen ion 
step (Eq. [7]) as rate-determining. The theoretical 
Tafel slope will be (RT/3F) at low current densities 
and low surface coverage if the metal “oxide”-oxy- 
gen ion reaction (Eq. [7]) is the slow step. Finally, 
if the metal-oxide interaction step (Eq. [8]) is rate- 


determining, the Tafel slope is predicted to be ~ 


(RT/4F). The observed Tafel slopes at 600° and 
700°C for platinum and gold correspond closely to 
the theoretical value predicted for (RT/3F). The 
comparison is found in Table III. Support is seen 
for the “oxide-oxygen ion” reaction (Eq. [7]) as 
the rate-determining step in the temperature range 
600°-700°C at low current densities, and it would 
appear that oxygen evolution reaction occurs by 
some such processes as outlined in Mechanism I. 
That two linear portions are observed experi- 
mentally in the »-log i relation (Fig. 4 and 6) cor- 
responds with the prediction in Mechanism I for a 
change in slope of the Tafel equation from 2.3 
RT/3F to 2.3 RT/F with increasing current density. 
In the present work the value of the latter was ap- 
proached but not completely realized (gold, 600°C: 
0.12 observed; 0.17 predicted). Two linear portions 
in the n-log i relation reported earlier by Flood and 
Forland (14) are similarly understood in the light 
of Mechanism I for the oxygen evolution reactions; 
it is seen (Appendix) that Mechanism II fails to 
predict two linear Tafel regions for the n-log i rela- 
tions in molten carbonates. 

At the higher temperature (viz., 800°C) the two 
defined portions in the y-log i curves are no longer 
observed, and only at the upper limit of c.d. is an 
approach to linearity apparent. Competing processes 
relative to the oxygen evolution reaction, such as 
anodic dissolution (especially silver), and reduction 
of oxides (15) (favored by the presence of CO), are 
undoubtedly greatly enhanced at these higher tem- 
peratures. It is not improbable that the rate-deter- 
mining step in the oxygen evolution process becomes 
the “oxide” formation reaction (Eq. [6]) in view of 
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the noted instability of metal oxides at elevated 
temperatures. The results are insufficient to resolve 
this point. 

Relative to the anodic processes at the silver elec- 
trode, it was clearly apparent that the metal disso- 
lution process is most marked. It would be predicted 
that under these circumstances the diffusion of dis- 
solving metal ions would contribute; the lower 
overpotentials, and the displacement from the zero 
value, are understood in part to cause such effects 
but the data are insufficient for a more detailed 
analysis. 
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APPENDIX 


The kinetic analysis of anodic oxygen evolution in 
aqueous systems has been treated in detail by Bockris 
(16), the treatment being based on the general theory 
of consecutive reactions developed by Christiansen (17), 
and electrode processes postulated for oxygen evolution 
(18). Its application to a molten salt system is of inter- 
est since the number of possible mechanisms may be 
reduced due to the absence of the aqueous solvent. Two 
mechanisms for the anodic oxygen evolution processes 
in molten carbonates may be developed as follows. In 
the treatment that follows it should be noted that the 
symmetry factor s % is assumed throughout the 
mathematical development: 

Mechanism I. Consider consecutive processes to be 


k, 


-1 


ke 


3 


(i) Assume that the formation of the “metal oxide” 
layer (reaction [6]) is rate-determining, and that the 
surface coverage by the MO species is negligible. It can 
be shown readily (16-18) that the expression for the 
forward rate, v, for the over-all electrode reaction is 


where the symbols have their conventional significance. 
As k, > k., > O, this reduces to 


v= k.Co-* [10] 
i = 2Fk,Co-2 eAdF/RT 
A 
from which it follows that the Tafel slope a 


Bini 
RT/F. 


(ii) Assume that the “metal oxide”-oxide in reaction 
[7] is the rate-determining step and that the surface 
coverage is given by 

Xwuo = ke’Cuso 


It then follows (16-18), if k. > k..— O, that the forward 
rate, v, may be expressed as 
kikek’Co-2 e24¢F/RT 
v= [12] 
k.k’Co-2 eAOF/RT 4 @—AOF/RT 


Now if k., e~4¢F/RT k,k’C,-2 eA¢F/RT, the preceding 
reduces to 

v = K,k.C*,-2 e34¢F/RT [131 

i = 4F K,k.C’o-2 e346F/RT [14] 


v 


[9] 


and 


and 


| 
Temp, 
10° ~ 10“ 
10° ~ 10° 
La 
| 
Aig 
7 
4 
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It follows that the theoretical Tafel slope is predicted 
as RT/3F. At sufficiently high values of Ag this would 
become RT/F. 


Mechanism II. Consider the consecutive processes in 
the oxygen evolution reaction to be 


k 
4 2e [6] 


+ [8] 


(i) If the formation of the “metal oxide” layer (re- 
action [6] is rate-determining), there is no discrimi- 
nation from Mechanism I (i), and the theoretical Tafel 
slope is predicted to be RT/F. 

(ii) Assume that the “metal oxide” reaction (Eq. [8]) 
is the rate-determining step, and that Xuo = k’cy, as 
above. The expression for the velocity of the over-all 
forward reaction can be shown to be 


kik:Co-* Cuo e4¢F/RT 
k.k’Co 2 /RT + ke; e—AoF /‘RT ] 


If the surface coverage is small, the first step (Eq. [6]) 
may be taken as equilibrium, so that 


Curo = Co-2 K, e2A¢F /RT [16] 


ki k’Co-2 eAOF/RT 


and if 


then the relations for v and i reduce to 
v = e44¢F/RT [17] 
i = 4F K,\*k.C*,-2 e44¢F/RT [18] 
The Tafel slope is thus predicted to be RT/4 F. 


Alternately if A@ and the surface coverage are both 
large, the expressions for v and i become 
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[19] 
v= sat. 
k’ 


i = sat. [20] 


A possible activation controlled limiting current is thus 


predicted. 
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Intermediate Temperature Fuel Cells 


G. V. Elmore and H. A. Tanner 


Charles F. Kettering Foundation, Yellow Springs, Ohio 


ABSTRACT 


Gas fuel cells are described which utilize aqueous electrolytes and operate 
at atmospheric pressure at over 100°C. Under these conditions the product 
water escapes as vapor, thus avoiding dilution of the electrolyte and flooding 
of the electrode pores. Both acid and alkaline electrolyte compositions have been 
employed. The electrolyte contains a solid phase which reduces creep, and the 
electrodes are made nonwetting by the use of Teflon. Current densities of 50-100 


ma/cm* have been realized. 


Fuel cells intended for operation on gases are 
commonly constructed with porous electrodes to 
maximize the amount of contact between the three 
phases: gas, electrolyte, and electrode. The electro- 
lyte may be an aqueous solution, fused salt, or ionic 
membrane (1). Aqueous electrolyte cells generally 
are operated below 100°C at atmospheric pressure, 
or at a considerably higher temperature in a closed 
system under pressure (2). Water produced electro- 
chemically during cell operation on hydrogen fuels 
becomes a problem because it dilutes the electrolyte 
and fills the electrode pores causing a severe reduc- 


tion in current density. This effect has sometimes 
been overcome by passing a severalfold excess of 
gas through the cell to carry off the product water. 

The aqueous electrolyte, atmospheric pressure 
hydrogen fuel cell has the inherent advantages of 
simplicity and long life providing the electrode 
wetting and electrolyte dilution problems can be 
overcome. This paper describes experimental cells 
which can be operated above 100°C at atmospheric 
pressure, retaining enough water for good electro- 
lytic activity and losing the excess product water as 
vapor. 
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Cell Construction 


Two types of cells operating from 125° to 200°C 
were developed, one using an alkaline electrolyte 
composition and the other an acid electrolyte. 

For the alkaline cell, it was found that a eutectic 
mixture of NaOH and KOH (approximately 50% 
by weight of NaOH) which melts around 187°C 
was suitable. In the presence of gases which were 
saturated with water vapor at room temperature, 
the mixture at 150°C became molten and yet did 
not absorb enough water to change volume appre- 
ciably. In order to maintain a satisfactory working 
humidity during cell operation, the influent gases 
were saturated with water vapor at room tempera- 
ture. 

An additional requirement is that the electrolyte 
be in the form of a paste which will not migrate 
into the porous electrodes. It was found that when 
Ca(OH). was added to the eutectic alkali mixture, 
in amounts of approximately 20% Ca(OH)., a sat- 
isfactory electrolyte paste is formed. 

For the electrodes, materials are necessary which 
have good electronic conductivity, are permeable 
to the gases, and are impervious to penetration by 
the electrolyte. In addition, the electrodes must 
catalytically activate the electrochemical reactions. 
Palladium foil, 0.0005 in. thick, fulfills all the re- 
quirements for a hydrogen electrode. At 150°C, 
hydrogen diffuses through at a high enough rate to 
maintain a current density of over 100 ma/cm’. 

In the case of the oxygen electrode, platinum, 
palladium, or silver can be used as the catalyst. 
Silver gave the highest open-circuit voltage and is 
the most economical of the three catalysts, hence it 
was used in most of the cells. A porous electrode, 
resistant to penetration by the electrolyte, was 
made by mixing silver powder’ with Teflon disper- 
sion, “DuPont Teflon 30,” followed by drying and 
heating to 300°C. The treated silver powder was 
packed between two silver screens separated by a 
peripheral Teflon gasket. The hydrogen and oxy- 
gen electrodes were spaced apart by a Teflon gasket 
confining the alkaline electrolyte between them. 
The outer surfaces of the electrodes were exposed to 
an atmosphere of hydrogen or oxygen by means of 
the glass bells shown in the diagram of the cell in 
Fig. 1. The entire cell was held together with metal 
clamps and was kept at operating temperature in a 
constant temperature oven. Larger cells with ther- 
mal insulation would be able to maintain tempera- 
ture from the waste heat when operating at maxi- 
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Fig. |. Diagram of the cell 
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mum power. In such a cell the exit line, extending 
out from the insulation, would normally be closed 
and would only be opened to withdraw condensed 
water. 

In constructing an acid cell, it was found that 
phosphoric acid mixed with silica powder (approx- 
imately 65% SiO.) forms a satisfactory paste elec- 
trolyte. Unlike sulfuric, phosphoric acid is not re- 
duced electrochemically under the cell operating 
conditions. For the electrodes, either platinum or 
palladium can be used as a catalyst for both the 
hydrogen and oxygen electrodes. Porous carbon 
blocks were wet with Teflon dispersion, and a thin 
coat of platinum or palladium black was then 
pressed on the top surfaces of the blocks while they 
were still wet. The blocks were then dried and 
heated to 300°C. As in the alkaline cell, the elec- 
trodes were separated by a Teflon gasket containing 
the phosphoric acid paste electrolyte. The design of 
the cell is shown in Fig. 2. In the acid cell, air can 
be used instead of oxygen with little loss of current 
density and without the electrolyte being affected 
by the CO, in the air. Almost all of the acid cell 
experiments were made using air rather than oxy- 
gen. 


Results and Discussion 


The performance of a typical alkaline cell using 
a silver powder cathode and a palladium foil anode 
is shown in Fig. 3. The open-circuit voltage with 
the silver cathode was 1.15 v. When platinum was 
used as the cathode, the open-circuit voltage was 
0.98 v. Palladium gave 0.90 v on open circuit. 

The silver powder cathode-palladium foil anode 
alkaline cell, operating on hydrogen and oxygen, 


Fig. 2. Construction of acid H2-O: fuel cell 
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Fig. 3. Potential vs. current density of hydrogen-oxygen fuel 
cell with 40% NaOH, 40% KOH, 20% Ca(OH): electrolyte 
at 150°C. 
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gave maximum power at 0.46 v with a current 
density of about 84 ma/cm’. An alkaline cell of this 
type which was started at a current density of 100 
ma/cm* at 0.37 v ran for 19 days, at which time the 
current density was 60 ma/cm* at 0.59 v. For most 
of the 19-day period the current density was ap- 
proximately 75 ma/cm* at 0.50 v. At these high 
current densities, some penetration of the electro- 
lyte into the silver powder is believed to have 
caused the current decrease. 

The performance, at various temperatures, of a 
typical acid cell with both electrodes coated with 
palladium, operating on hydrogen and air, is shown 
in Fig. 4, 5, and 6. The open-circuit voltage was 
0.83 v. At maximum power, the voltage was 0.42 v 
and the current density was 60 ma/cm* at both 
100° and 125°C. At 150°C the current density at 
maximum power was approximately 75 ma/cm* 
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Fig. 4. Potential vs. current density of hydrogen-air fuel 
cell with 35% H.PO,, 65% SiO. electrolyte at 100°C. 
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Fig 5. Potential vs. current density of hydrogen-air fuel 
cell with 35% H;PO,, 65% SiO. electrolyte at 125°C. 
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Fig. 6. Potential vs. current density of hydrogen-air fuel 
cell with 35% HsPO,, 65% SiO. electrolyte at 150°C. 
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and the voltage was 0.42 v. An acid cell was oper- 
ated for six months at a current density of 90 ma/ 
cm* and 0.25 v with no apparent deterioration. 

An acid electrolyte fuel cell will not absorb car- 
bon dioxide as alkaline electrolytes will, and it may 
therefore in theory be operated on organic fuels. 
Only a very limited number of organic fuel candi- 
dates will actually oxidize in the acid cell, how- 
ever. Formic acid vapor as a fuel gave a current 
density about half that obtained with hydrogen. 
Some of the fuel value was lost due to a side reac- 
tion in the presence of H,PO, to form CO and H.O. 
Formaldehyde also can be used as an acid cell fuel. 
In this case CO is formed and is not utilized, repre- 
senting a loss of fuel value. Again the current 
density was about half that obtained with hydrogen. 

These acid cell results are explainable on the 
basis of the formation of chemisorbed hydrogen on 
the anode: 


Pd 
H. ——— 2Hads [1] 


Pd 
HCOOH ——> 2Hads + CO. 


Pd 
HCHO ——— 2Hads + CO 


followed by the electrochemical step 


Pd 
2Hads ——> 2H’ + 2e [4] 


Alkaline cells can utilize any of the above fuels 
and also methyl alcohol. The mechanism for the 
latter must require hydroxy] ion: 


Pd 
CH,OH + 2OH ——— 6Hads + CO,’ [5] 


The resulting accumulation of carbonate caused 
increased internal resistance leading to a decrease 
in power output with time of operation. The cur- 
rent density for an alkaline cell operating on formic 
acid, formaldehyde, or methyl alcohol was about 
half the value for hydrogen. 

The results on organic fuels are exploratory, and 
the partial pressure of the fuel vapor at the elec- 
trode was not determined but obviously would be 
well below 1 atm since the vapor was introduced by 
bubbling nitrogen through a warm aqueous solu- 
tion. The open-circuit voltages ranged from 0.5 to 
0.7 v. 
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The Temperature Coefficients of Electrode Potentials 
Il. The Second Isothermal Temperature Coefficient 
G. R. Salvi and A. J. deBethune 


Chemistry Department, Boston College, Chestnut Hill, Massachusetts 


ABSTRACT 


The second isothermal temperature coefficient of the potential of an electrode 
is equal to AC,/nFT where AC, is the heat capacity change of the “SHE/Elec- 


trode” cell reaction. The mass-action dependence of the second coefficient is 
given. Values of the second coefficient are tabulated for 58 standard electrodes, 
together with the first coefficients. Application of the data to fuel cells, and to 


In a previous publication (1), the isothermal 
temperature coefficient (dV/dT),..., of electrode 
potentials’ was defined as the temperature deriva- 
tive dE/dT of the emf E of the isothermal cell" 


SHE//Electrolyte/Electrode [1] 


where the left electrode is a standard hydrogen 
electrode (SHE). If the reversible reaction at the 
right-hand electrode is written 


Ox + ne” = Red [2] 
the over-all reaction of cell [1] can be written 
Ox + (n/2)H,(a = 1) = nH’ (a = 1) + Red [3] 


for the reversible passage of n faradays of positive 
electricity through the cell from left to right. The 
isothermal temperature coefficient of the electrode 
potential V of this reversible electrode is 


(dV/dT) = AS/nF 

=[S(Red)— S(Ox)+ nS°(H*) — (n/2)S°(H.) ]/nF 
[4] 

where the S’s denote the (partial) molal entropies 

of the given substances. 

Since dS/dT = C,/T, where C, is the (partial) 
molal heat capacity, it can be shown that the second 
isothermal temperature coefficient of the electrode 
potential V, equal to the second temperature deri- 


vative d’E/dT* of the emf E of isothermal cell [1], 
takes the form 


0m = SC,/nFT = [C,(Red) — C,(Ox) + 
nC,° — (n/2) C,°(H.) ]/nFT [5] 


In Eq. [4] and [5], S° (H*) and C,°(H’) have their 
conventional values of zero at all temperatures, and 
S and C, for other ionic species have values based 
on this conventional standard. 


Mass Action Dependence 


For a nonstandard electrode, the electrode poten- 
tial V is related to the standard electrode potential 
V° by the Nernst equation 


1 The single electrode potential V, following the Gibbs-Stockholm 
convention (2-5), is positive if the electrode in question is the 
(+) terminal of a cell whose other electrode is a standard hydro- 
gen electrode (SHE). 


2Cell emf’s, following the Lewis-Stockholm convention (3-7), 
‘are positive if positive current tends to flow through the cell as 
written from left to right. 


emf-temperature relationships, is discussed. 


V = V° — (RT/nF) In [ (Red) / (Ox) ] = 


V° + (RT/nF) In [(Ox)/(Red)] [6] 


where (Ox) and (Red) denote the activities or ac- 
tivity products of the electromotively active sub- 
stances appearing on the left and right hand sides, 
respectively, of Eq. [2]. Let 


(Ox) = m(Ox) y(Ox) [7] 
(Red) = m(Red) y(Red) [8] 


where the m’s denote molalities, (or molality prod- 
ucts, as the case may be) and the y’s denote activity 
coefficients (or activity coefficient products). The 
first temperature coefficient of the electrode poten- 
tial V exhibits a mass-action dependence which can 
be described by the equation 


(dV/dT) 
= (dV°/dT) 
+ (R/nF)In[m(Ox)y(Ox)/m(Red) y(Red) 
+ (RT/nF) din[y(Ox) /y(Red) ]/dT 
[9] 
The second isothermal temperature coefficient then 
exhibits a mass-action dependence given by 


(d°V/dT*) con 
= (d°V°/AT*) 
+ (2R/nF)din[y(Ox) /y(Red) ]/dT 
+ (RT/nF) d'In[y(Ox) /y(Red) ]/dT* 
[10] 


Molalities do not appear in Eq. [10] and there is no 
mass-action dependence of the second coefficient if 
all activity coefficients are temperature invariant, 
e.g., in ideal solutions. 

Since —RT*(dlny,/dT) = H, — H®, = = H’, is 
the relative partial molal enthalpy of species i, 
and C,’, dH’,/dT is the relative partial molal 
heat capacity of species i, both values relative to 
the standard state values, the last two expressions 


for mass-action dependence can be rewritten in the 
forms 


(dV /dT) scorn = (dV°/dT) + 
(R/nF)In[ (Ox)/(Red)] + AH’/nFT [11] 
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where AH’ = AH — AH?” is the enthalpy change of 
reaction [2] and [3] relative to the standard value, 
and 


/dT*) scorn = + AC,’/NFT [12] 


where AC,’ = AC, — AC,” is the heat capacity change 
of reaction [2] or [3] relative to the standard value. 


Table of Second Temperature Coefficients 


Table I lists a number of electrodes, their stand- 
ard electrode potentials, and the first and second 
isothermal temperature coefficients. The potentials 
and the first coefficients are taken from deBethune, 
Licht, and Swendeman (1). The second coefficients 
have been computed from Eq. [5] by use of heat 
capacity data from Circular 500 of the National 
Bureau of Standards (8). All values refer to 25°C. 
The values in parentheses are experimental ob- 
servations, taken from the sources noted. An error 
of 1 cal/deg (molal reaction unit) in AC, corre- 
sponds to an uncertainty of 0.145 yv/deg* in the 
second coefficient for a 1 faraday reaction, and to 
half as much for a 2 faraday reaction. 


Application to Fuel Cells 


In the thermodynamic theory of fuel cells (17), 
it is shown that the desirable thermodynamic prop- 
erties for a simple fuel cell are 


AG negative 
AS zero or positive 
AC, zero or positive 


where AG, AS, and AC, are the free enthalpy (Gibbs 
free energy), entropy and heat capacity, respec- 
tively, of the fuel cell reaction. For a regenerative 
fuel cell, the desirable properties are 


AG negative 
AS negative 
AC, zero 


for the fuel cell reaction at low temperature. These 
properties can be computed from electrode poten- 
tials (1, 7), and their first (1) and second isothermal 
temperature coefficients, as follows 


AG = —nFE = —nF(V, — V,) 
AS = nF(dE/dT) = 
nF[ (dV,/dT) — (AV,/dT) [14] 
AC, = nFT(d*E/dT’) = 


[13] 


where the subscripts r and Il refer to the right- and 
left-hand electrodes, respectively, of the fuel cell 
as written, and the changes refer to the reaction 
which transfers n faradays of positive electricity 
through the cell from left to right. 

Thus the tabulation of first and second isothermal 
temperature coefficients of electrode potentials pro- 
vides data useful to the thermodynamic screening 
of fuel cell reactions. 

The standard electromotive force of a cell can be 
computed from the data of Table I, as a function of 
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temperature, by means of Taylor’s theorem in the 
form 


E°(t) = D[V°] + D[dV°/dT](t — 25) + 


— 25)* [16] 


where the operator D denotes the algebraic differ- 
ence of the tabular values for the two electrodes, 
taken in the order: right electrode minus left elec- 
trode.* For nonstandard emf’s, the Nernst equation 
and its temperature derivatives, Eq. [6], [9], and 
[10], must be applied, to the two electrodes sepa- 
rately, in the order: right minus left.’ 
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%For the Cell Tension (Zell Spannung) of C.I.T.C.E. (26), the 
inverse order should be taken. 
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HN, (g) = ( 
H(g) = H’ 


Si + 2H.O 


The electrode potential V* is given a positive value if the electrode is the ( + 
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Table |. First and second isothermal temperature coefficients of the standard 
electrode potentials at 25°C 


(dV°/dT) isoth, 
Electrode mv/deg 


(Acid Solutions) 
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) terminal of a cell whose second electrode is the SHE. 


(d2V°/dT®) isotn, 
uv /deg* 


3/2)N. + H' +e —3.40 —1.193 
+e —2.1065 +0.511 
SiO. (quartz) + + 4e —0.857 —0.374 


Zn = 


Zn (Hg) 


Cd = Cd*’ 


Pb + SO, 


Cd(Hg) 


Pb( Hg) + 


Ti = Ti’ + 


Cu +I 
Ag +I 


W + 3H,0 
2Hg + 21 


2Ta + 5H.O = Ta.O; + 10H’ + 10e —0.812 —0.377 


+ 2e —0.7628 +0.091 
(+0.166") 
Zn** + Hg + 2e —0.7627"" (+9.100"") 
—0.7625" (+0.103"*) 


+ 2e —0.4029 —0.093 
(—0.053*) 


= PbSO, + 2e —0.3588 —1.015 


Cd** + Hg + 2e —0.3516° (—0.250*) 
—0.3515" (—0.252”) 
—0.3514° (—0.292") 


SO, 


PbSO, + Hg + 2e —0.3505 (—0.914"*) 


e —0.3363 —1.327 
(—1.314") 


Cul +e —0.1852 —0.200 


Agl +e —0.1518 —0.284 


(—0.328") 


= WO,(c) + 6H’ + 6e —0.090 —0.400 


= Hg.I. + 2e —0.0405 +0.019 


H, = 2H* + 2e (SHE) +0.0000' +0.000/ 


Ag + Br 


SiH, (g) = 


Ag + Cl 


2Hg + 2Cl 


Ag + IO, 


CH,(g) = C( graphite) + 4H’ + 4e 


AgBr + e +0.0713 —0.508 
(+0.0711*) (—0.488") 
( +0.07137) (—0.499") 


(+0.0712’) (—0.526”) 


Si + 4H’ + 4e +0.102 


—0.197 


+ 0.1316 —0.209 


= AgCl +e + 0.2222 —0.658 
( +0.2225°) (—0.638") 
(+0.2224") (—0.646") 
(+0.2224") (—0.656") 
(+0.2225") (—0.645") 
(—0.657) 


- Hg.Cl. + 2e + 0.2676 —0.317 
(+ 0.2681") (—0.317') 
(+ 0.2679") (—0.312’) 
( +0.26790°) (—0.307°) 
(—0.320’) 


= AglO, + e 


+0.354 —0.568 


—0.562 


+0.221 
+0.594 


+0.514 


(+3.84") 


(+0.62"°) 
(+ 1.6") 


(+2.2*) 


—1.555 


(+ 1.6*) 
(—0.56") 
(+0.20°) 


(—1.71*) 


(—0.85*) 
—6.038 


—6.016 
(—7.2°) 


+ 0.480 
—5.883 


+0.000' 


—5.901 
(—5.97°) 
(—6.90") 
(—4.80") 


—0.302 
—0.266 


—5.744 
(—6.61*) 

(—5.961") 
(—4.746") 
(—6.554") 


—5.664 
(—5.986') 
(—6.74") 

(—5.961") 


—5.956 


C.H.(g) = C-H.(g) + 2H* + 2e +0.52 —0.625 
Te + 2H.O = TeO.(c) + 4H’ + 4e +0.529 —0.370 
2I I,(c) + 2e + 0.5355 —0.148 


2Hg + SO 


= Hg.SO, + 2e +0.6151 —0.826 
(+0.6151') (—0.803') 


(+0.6119*) 


—0.343 
+ 0.453 
—5.965 


—1.537 
(—0.854') 
(—1.685") 


= 
7 
» 
- 
— 
- 
— 
é 
bd 
| 
4 
4 
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Table | (Continued) 


mv/deg uv/de: 


2Ag + SO. = Ag.SO, + 2e + 0.654 —1.182 —1.608 
C.H.(g) = (g) + +2e +0.731 —0.580 —0.508 
Ag = Agt+e +0.7991 —1.000 —0.924 
2Rh + 3H,O = Rh.O; + 6H* + 6e +0.87 —0.40 +0.50 

2Br- = Br.(1) + 2e- + 1.0652 —0.629 —6.210" 
4Cl + C + 4H’ = CCl, + 4H’ + 4e +1.18 —0.645 —5.934 
2H.O(g) = O. + 4H* + 4e +1.185 —0.230 —0.173 
Yel. + 3H.,O = 10, + 6H* + 5e +1.195 —0.364 +1.813 
2H.O(1) = O. + 4H* + 4e + 1.229 —0.846 +-0.552 
2S + 2Cl = S.Cl, + 2e + 1.23 —0.64 —6.261 


2Cl = Cl, + 2e + 1.3595 —1.260 —5.454 
(—1.26’) 
%Br.(1) + 3H,O = BrO, + 6H’ + 5e +1.52 —0.418 +1.871" 


PbSO, + 2H.O = PbO, + SO, + 4H’ + 2e + 1.685 +0.326 +2.516 
(+0.347") (+2.493") 
O. + H.O = O,; + 2H* + 2e +2.07 —0.483 +0.655 


H.O = O(g) + 2H’ + 2e +2.422 —1.148 +0.427 
H.O = OH + H' +e +2.85 —1.855 +1.078 
2F F.(g) + 2e + 2.87 —1.830 —5.339 


(Basic Solutions) 
H(g)+ OH = +e —2.9345 —0.323 —7.050 


Mg + 20H = Mg(OH), + 2e —2.69 —0.945 —6.079 
Zn + 20H” = Zn(OH): + 2e —1.245 —1.002 —5.978 
H, + = + 2e —0.82806 —0.8342 —7.272 


Pb + 20H” = PbO(r) + H:.O + 2e —0.580 —1.163 —6.841' 
(—0.577") (—1.188") —6.7") 


2Bi + 60H = Bi.O, + 3H.O + 6e —0.46 —1.214 —6.828 
2Cu + = + + 2e —0.358 —1.326 —6.828 
2Rh + 60H = Rh.O, + 3H.0 + 6e +0.04 —1.23 —6.772 


Hg + 20H = HgO(r)+ H.O + 2e +0.098 —1.120 —6.775 
(+0.098") (—1.127") (—6.749") 


I + 6OH- = IO, + 3H.0 + 6e +0.26 —1.162 —6.755 


2Ag + 20H” = Ag.O + H.O + 2e +0.345 —1.337 —6.718 
(+0.342*) (—1.325*) (=6.7") 


40H = O, + 2H.0 + 4e +0.401 —1.680 —6.719 
Br + 6OH- = BrO, + 3H.0O + 6e . —1.287 —6.748 
O, + 20H- = O;(g) + H: + 2e . —1.318 —6.617 


OH’ = OH(g)+ e& —2.689 —6.194 


*MacInnes (9), p. 201. > Harned and Owen (10), p. 741. © Bates (11). ¢ Robinson and Stokes (11). * Owen (12). f By definition. # Har- 
ned and Owen (10), pp. 495-6. * Bates and Bower (13). ‘ Grzybowski (14). / From isothermal cell temperature coefficients of Gerke (15) 
and the isothermal coefficients of the calomel, silver chloride, silver iodide and lead iodide electrodes as computed by deBethune, Licht, 
and Swendeman (1) from Latimer’s entropies (7). * From Latimer’s (7) free enthalpies of formation.' Harned and Owen (10) Eq. {13- 
12-1]. ™ Value based on Eq. [13-12-1] above, corrected for the incomplete ionization of HSO.- ion by the method of Harned and Owen 
(10), pp. 570-3. " Harned and Owen (10) Eq. [13-9-7]; Harned and Hamer (16). »” Greeley, Lietzke et al. (18). ¢Swinehart (19), 
Harned and Ehlers (20). ‘Muller and Reuther (21). ‘ From Pouradier and Chateau’s data (22) for the calomel vs. silver chloride cell. 
and Bates and Bower's data (13) for silver chloride vs. SHE. ‘ Calculated from heat capacity of yellow-PbO. “Calculated from C,° (Bre) 
(1) = 17.1 cal/deg mole (23). * Fried (24); observed for H:/NaOH/HgO (ue. E* = +0.9260 v; dE°/dT = —0.2924 mv/deg; d*E*/dT? = +0.523 
av deg?. Observed for Pb/PbO/NaOH HgO Hg, E*° = +0.675 v; dE*/dT = + 0.061 mv deg: a2E°/dT?2 =< 0.0 wv/deg*. Converted to SHE 
basis by = of tabulated values for standard H:/OH- electrode. © Fried (24); Hamer and Craig (25); observed for Hg/HgO/NaOH/ 
AgyO/Ag, = +0.2440 v; dE*/dT = —0.198 mv/deg; d*E°/dT? ~— 0.0 wv/deg*. * Uhlig (27). 
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Analysis of Galvanostatic Transients and 
Application to the !ron Electrode Reaction 


J. O’M. Bockris and Hideaki Kita 


John Harrison Laboratory of Chemistry, The University of Pennsylvania, Philadelphia, Pennsylvania 


ABSTRACT 


Processes of charging electrodes under galvanostatic conditions are examined 
for electrodes in which there is a foregoing or simultaneous equilibrium step, 
A’ + e= A(Ads), followed by a rate-determining reaction. The associated 
pseudocapacity is evaluated. It may amount to a few thousand microfarads over 
a critical potential range. 

The forms of the n, — t relations in decay are also evaluated for the special 
cases: (i) A’ + e = A(Ads), 2A(Ads) > X; (ii) A* + e= A(Ads); M*+e-> 
M; and (iii) A* + e = A(Ads); A* + A(Ads) + e— X. They characterize the 
process occurring. The coverage of electrodes by adsorbed radicles (H, OH, etc.) 
at the reversible potential may be estimated, even in systems in which the 
metal corrodes. 

The theory is applied to the complex simultaneous reactions: Fe* + 2e. = 
Fe; 2H’ + 2e, = H,. The coverage of a corroding Fe electrode with H is about 
3% at the corrosion potential for pH = 4. Super polarization in anodic charging 
and potential decay curves after Fe dissolution are interpreted in terms of the 
temporary build up of nonequilibrium concentrations of H* and OH on the 
RT 


(1+,)F’ 
respectively, obtained when the maximum value and steady-state value of po- 
tentials in Fe dissolution are plotted against In i, follow from the model. 


RT 
solution side of the double layer, respectively. The slopes of > and 


Recently, the kinetics of the iron electrodeposition a sii et 
and dissolution reaction have been studied in detail ed 
by the galvanostatic method (1). 

From an analysis of the steady state, under the 200} 


conditions of the experiments, the reaction mech- 
anism has been found to be: 


Fe’ + OH" = (FeOH)* [1] 
(FeOH)* + e> (FeOH) [2] 
(FeOH) + e = Fe + OH” [3] 


where the rate-determining step is [2]. 


4 
' 2 3 4 t(sec) 


(mel 
The galvanostatic transients of the iron electrode 


reaction differ qualitatively from “normal” transients - 
such as the high c.d. transients of the copper elec- ; 
trode reaction (2). Thus, the rise times are abnor- 

mally large and decay rate of the cathodic transients 

abnormally small; a maximum and minimum occur ' 
in the anodic charging and decay transients; the ap- 


parent double layer capacity is abnormally high, 


etc. Typical transients are shown in Fig. 1 and 2. 4 
General Case Fig. 1. Cathodic transients: (a) charging curve, i = 1.85 
Consider the following potential dependent ad- x 10° amp/cm’, Cr... = 0.5 mole/Il, pH = 4.9; (b) decay 
sorption phenomenon: curve, i = 1.4 x 10% amp/cm’, C,,.. = 0.5 mole/I, pH = 
4.0, icor = 10° amp/cm’, i. = 2.4 x 10° amp/cm*, Vee. rev 


A* + e=A(Ads) [4] — Veor = 48 mv. 


ats 
: 
= 
3 
, 
| 
Bs 
| 
| 
| 
que 
‘ 


20 tisec) 
| 
sot 
Fig. 2. Anodic transients: (a) anodic charging, i = 1.1 x 
10°* amp/cm*, pH = 4.9, — experimental, — — — — cal- 
culated; (b) anodic decay, pH = 4.9, — experimental, — — 


— — calculated. 


Reaction [4] is at an equilibrium corresponding to 
an electrode potential determined by a following or 
simultaneous rate-determining step. Then, 


BFn (1 — 
RT RT 


— 6,)[A*T e = k,0,e 


[5] 


where ky and k, are “rate constants” at the reversible 
potential, #, is the coverage of A(Ads) at the poten- 
tial n, 7 is the overpotential and £ is the symmetry 
factor. 


From Eq. [5] 
1 
6, Fr [6] 
K, RT 
1+ 
where K, is ks/Ke (and is concentration dependent). 
Fn 
When —— >>1 
Fr 
0, = e 
K, [7] 
At » = 0, Eq. [6] is 
1 94.0 [8] 
[A ] 61.0 


where 6, , is the coverage of A(Ads) at 7 = 0. 


Effect of A(Ads) on the apparent double layer 
capacity.—Let the differential capacity of the double 
layer (when the electrode is polarizable) be Cyx, 
and the differential capacity due to A(Ads) be 
Then, and (Cys), can be treated as if in 
parallel, i.e. 


Cp + (Cras) [9] 
Also 
[10] 
dy 
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where F is the Faraday, and Z is the number of sites 

(mole cm”~). The negative sign indicates that @, in- 

creases as » becomes more negative (valid for [4]). 
From Eq. [6], [8], and [10] 


Fy 
FZ K, e 
= 1l 
(Cues) RT (Ay | [11] 
K, RT 
| 1+ e 
Hence, max. Occurs at an overpotential 
RT A’ RT 92,0 
7, =—lIn = —— In ————__ [12] 
F K, F 1 — 
and its maximum value is given by 
C, s) max. 13 
(Cass) SRT [13] 
15 


With Z = cm”, (roughness factor assumed 


6.10” 
unity), (Cas) max. is 1.6 x 10° is shown 
as a function of overpotential in Fig. 3 at given @,., 
values. 

Figure 3 shows that a knowledge of the differential 
pseudocapacity due to adsorption over a potential 
range allows determination of @,,,. As @,,, is reduced, 
it is necessary to practice to find a potential region 
for which Cys, > Co... by using increasingly negative 
potentials. The limit of potential is that at which 
the faradaic current (due to reaction) becomes ap- 
preciable compared with the charging current. 

Figure 3 shows that in a galvanostatic charging 
curve for which reaction [4] is in equilibrium and 
is succeeded by some rate determining reaction, there 
may be a potential region in which the »,-t slope de- 
creases in value and then again increases [as (Cua), 
decreases with increasingly negative potential]. The 
potential region over which the deviation from the 
expected value of dyn,/dt for double layer charging 
would occur may be seen from Fig. 3 to be about 200 
mv: its location with respect to the reversible poten- 
tial depends on @, .. 

An observation that the slope of an 7,-t relation 
deviates from that expected for double layer charg- 
ing and faradaic transfer over a potential interval of 


i 
100 -50 —e (my) 


Fig. 3. Calculated Caas. according to Eq. [11], (a) value of 
04,0 is 0.5, (b) 0.1, (c) 0.01. 
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200 mv confirms that an inflection may be interpreted 
as here suggested. If, in an »,-t curve, no inflection 
occurs in a potential region corresponding to double 
layer charging (i.e., one for which i;,,.a.:- is less than, 
say, one-tenth of the total current density), then, 
either the mechanism of the reaction is not one in 
which a reversible reaction precedes the rate deter- 
mining step, or 6,4, is such that (cf. Fig. 3) appreci- 
able (C,4,), values occur only at potentials outside 
the charging region. Deviation of the »,-t slope from 
that of double layer charging only, will not occur if 
the c.d. used for the transient is so high that the pre- 
liminary reaction is no longer in pseudoequilibrium. 
Thus, in practice, dy,/dt should be determined first 
for a high c.d., for, then, the potential region in which 
the characteristic potential range for inflection on 
n:-t curves may be observed, is maximized. If, how- 
ever, no inflection is thereby observed, the transients 
should be examined in steps, starting at the reversi- 
ble potential and using the lowest c.d. at which an 
appreciable region of double layer charging can be 
observed. Thus, the possibility of causing reaction 
[4] to go out of equilibrium is reduced. 


Equation [11] becomes, at 7 = 0 


FZ K, 1 
RT [A‘] ( 


(Cras) » 


F°Z 1 
RT 


From Eq. [14], @,,. can be estimated by knowing 
(Cas) experimentally. 


Fundamental equation for transients.—In a gal- 
vanostatic transient, the total current density, i, is 
used: (i) in charging of the double layer, ip,.; (ii) in 
changing the equilibrium concentration of a dis- 
charging species, i,..; and (iii) in an electrode reac- 
tion, ig. 


i= in + tras + iz 


[15] 
where 


dn, dn: 
ate Cuas 16 
(Cass) at [16] 


Co. 


is constant’ and (C,s.), is a function of ». With 
Eq. [16] into Eq. [15] 


dn, i is 


+ 


[17] 


Cp L + 
Equation [18] gives the basic relationship between 
» and t in galvanostatic charging. If reaction [4] is 


1The variation of Cy... with potential is negligible compared 
with that of (Caas)y in regions of interest. 


July 1961 


the cause of i,,,, Eq. [17] becomes, using the ex- 
pression for (C,«,), from Eq. [11] 


FZ K, 
RT [A‘] 


[20] 


Cy... is neglected in the following because of its 
small value compared with (C,.,)., in potential re- 
gions of interest. 

Cathodic transients.—Case (i): Suppose the reac- 
tion sequence is 


A’ + e= A(Ads) [4] 

2A(Ads) > X [21] 

where X is the final product and the rate-determin- 
ing step is [21]. As [4] is taken as in equilibrium, it 
follows that its rate constants will tend to be much 
greater than those of [21]. Thence, approximately 


ip + ke(1 6,)° [X] [22] 


- 


23 
qi 6..-)° [ 


where ky, kz, and i, are rate constants and exchange 
current density, respectively. 


Equations [6] and [23] give 


dn: i— iz i 
dt = Fn, 
‘RT 
FZ K, e 
RT [A‘] | 
K, RT 
1+——e 
[19] 
and Eq. [18] becomes | 
is 
3 Rr 
Fn, 
K, 
1 + ———e 
1 + ———_ 
or 
20. 

. if Fn, ’ ( Fn, | | 
K, RT K ‘RT 
[A‘] [A’] J 
or [24] 
If 6,., << 1, Eq. [24] becomes 
i, 1 [25] 
K, 
1+ ——e 
[A‘] 
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With Eq. [25] in Eq. [19] (neglecting Cp...) 
i 1 


—t+ 


K, 
RT [A‘] 


1+ 
This Equation is transformed into 
Fn, 


RT 


dn: = 
io 
6, 
RT [A‘] 


— dt 
FZ 


Integration of Eq. [27] gives 
2FZ0,.. 


- 
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neutral molecules according to reaction [4]. The 
effect of A... is assumed simply to be that of blocking 
sites available to metal-solution exchange reactions 
[31]. In reaction [31], the charge transfer is rate 
determining (e.g., in metal deposition). 


Then ,i, is expressed as 
BFn, (1 - 
RT RT 
+e ) 
(1 04,0) 


[32] 
Hence, Eq. [19] becomes 


BF n, (1 — B)Fn, 


Fn, 
RT 


where Y=e _. Equation [28] can be examined by 


[28] 


+1 | 


If Cor. << Casa, and 0,,, << 1, Eq. [33] becomes with 
Eq. [6] for @, 


(1 — p)Fn, | 
ar | 


| 


an independent determination of [ (Cras) deter- 
minations near the reversible potential] and using i, 
determined from steady-state conditions. When the 
denominator of the right-hand side of Eq. [28] ap- 
proaches zero, t> «x, a condition corresponding to 
steady state. Then 

i. 

i 6, o K, K, 


Y=0 [29] 


[30] 


which is Eq. [23] for 6... <<< 1. 
Case (ii): Suppose the reaction sequence is 


A’ + e= A(Ads) [4] 
M'+e>M [31] 


A* can be, for example, an ionized organic com- 
pound ( e.g., PhNH,*) in equilibrium with adsorbed 


If, in the steady state, 1 << 


becomes 


(1 — B)Fn, 
RT | 
RT K, 


dt [35] 


Integration gives: (8 = 0.5) 


K, AT 
RT 
e 
i Fn, )? 
) 
a = -i+i, | e (i — 
e dn, 
Fn dt 
| J + FZ K, 
= Cou. + RT TA) A) Fn, 
| 
— K, ail 
al 
| Fn, | 
— @ | 1+———e |**| 
dt FZ i (94) 
RT Fn. | 
oid 
RT 
Fn, 
-— 
RT 
RT 
1+——Y 
| 2. RT 2, 
| +1) 


i i 2,1 

i 2,17 

* 2i, 


where Y = e 
In Eq. [36], fort > 


¥+—--(1+( [37] 


{ BFnx ] 


+ const. [36] 


or 


RT RT 


—i=i,| +e [38] 


K 
i.e., Eq. [32] is recovered for the condition rs 
BFnx 
e << i. 
Case (iii): Let the reaction sequence be only re- 


action [31] and charging up of double layer [cf. 
Roiter et al. (3)]. Then Eq. [33] becomes 


(  BFn, (1 
| RT RT 
i + ‘e -—@€¢ 
dt Cc 139] 
or, upon integration 
RT 
2\ 1/2 In 
(1 +(—-)) 


i 


By comparing the », —t relation arising from Eq. 
[36] and [40], the effect of adsorption on the charg- 
ing curves may be examined. In Fig. 4, the calculated 


+ const [40] 


so 100 . timeec) 


adsorption (according to Eq. [40]), i. = 10° amp/cm’, i = 
10° amp/cm’; 
= 0.01, i, = 10° amp/cm. 
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Fig. 4. Comparison of calculated charging curves, (a) no 


(b) adsorption (according to Eq. [36]), 94.0 


July 1961 


results are shown for conditions i, = 10* amp cm*~* 
and @,,. = 10°. 


Cathodic decay curves.—Here, i = 0. Let the cases 
be as above: 


Case (i): Equation [27] becomes’ 


Fn, 
RT RT i,[A‘] 
dy, = —— dit 41 
FZ OK, [41] 
Integrating Eq. [41] 
Fy, Fn, 
Ks RT RT [42] 
=> e 
i,[A‘] 
or at the condition ~ >> 1 


RT 
RT RT i,[A’]e 
= —Int + —lIn 43 
Hence, for systems of case (i), Ae = wo) =—. 
dint F 
Since = , if i, is kriown from steady- 
[A‘] 


state determinations, @,,, can be approximately ob- 
tained from the (7: — :)~ In t relation for t = 1. 
Past and Iofa (4) treated the same case but only 
valid at special conditions. 


Case (ii): Equation [34] becomes 


BFn, (1 — B)Fn, ) 
dy: i.RT RT RT 
= |e = @¢ 
dt F°Z 
Fn, 
K, R 
1+ [44] 
At cathodic polarizations such that the reverse re- 
Fn, 
Rr 
action of [31] is negligible, and e <<l 


(1.e., 8, > 1), Eq. [44] becomes 


dy, iRT RT 
dt FZ 
Integration gives 


2Ka = 


but it is assumed here that the ion, A‘, de- 
sorbed due to the shift of potential, diffuses to the bulk of the 
solution sufficiently rapidly so that the concentration of A* at 
the Helmholtz double layer, and hence Vex, does not change with 
time. 


| 
RT - 
+ ( i ) ) 4 
2i, 
Ay 
(mv) BFn, AFn,.. 
20+ FZ RT RT 
t= —e [46] 
i.B } 
| 
RT 
BF n, 
| BF BF FZ 
VeF 
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Equation [47] is applicable only under the limited 
potential range permitted by the assumption leading 
to Eq. [45] (exponential dependence of number of 
nonpoisoned sites on time after switching off). A 
linear dependence of (n, — 7) against In t (slope 
RT/BF) would be succeeded by a further line of the 
same slope displaced along the axis. 


Case (iii): When there is no parallel adsorption, 
putting i = 0 in Eq. [39], integration gives 
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A’ + e= A(Ads) 
A’ + A(Ads) +e>X 


The kinetic expression for i, is 
(1 — B)Fn, 


i, = i, 


[52] 
From Eq. [19] and [52], neglecting C,,,., one finds 


[53] 


(1+ Y)(1— Yio) 


RT Con. 
+4 


2Fi.p 


RT 
where Y = e . Comparison of Eq. [47] and [48] 


is given in Fig. 5; the poisoned electrode, its capacity 
much greater than that of the unpoisoned one, decays 
at a much slower rate. 

At the beginning of decay at high cathodic polar- 
ization, Y << 1 and hence Eq. [48] reduces to 


RTCp. Y 
t = ( 1 ) 
and for the condition Y >> Y,~, Eq. [49] becomes 
RT RTC»... 
™m— = 


which is that derived by Bockris and Potter (5). 
Case (iv): Let us consider the following electrode 
reaction 


[49] 


| 


as t (sec) 


Fig. 5. Comparison of calculated decay curves, (a) no ad- 
sorption, according to Eq. [48]; (b) adsorption of AX +e = 
A(Ads.) occurs on the electrode, according to Eq. [47]. ne-0 
and i. were taken as 120 mv and 10* amp/cm’. 


For decay, i= 0 and 


‘1 — 


RT 
e 


(i.e., the deposition reaction is much 
greater than the dissolution reaction in the region 
—1 > RT/F). Then, with Eq. [6], one obtains 


Before integration of Eq. [54], the case where the 
cathodic polarization is so high that the coverage is 
nearly unity may be considered, if (C,.,), is smaller 


than C,,,,. At this condition, neglecting C,., compared 
with C,.., one obtains 


dn: 
dt Co L 6... 
Thus, integration of Eq. [55] gives a slope of RT/AF 
when (n, — 7:-») is plotted against In t. 
Second, consider the case where (C,..), >> Cox, 
K, 


but proportional to exp (Fn,/RT); i.e., 7 


Fn, 
‘RT 
e << 1. This case corresponds to the electro- 
chemical mechanism of hydrogen evolution reaction 
in which the coverage of the electrode with H( Ads) 
in the steady state is high and the Tafel slope is 
RT/ AF. Equation [54] becomes 
(1 + B)Fn, 
dy, RTi, [A‘*] RT 
dt .K, 
Integration of Eq. [56] gives 
( (1 + B)Fn, 
FZ K, RT 


~ “+ [A] 


[56] 


| 
681 
[4] 
[51] 
RT 1— RT 
( ( BF n, (1 — B)Fn, Fn, 
dn: iti | Os RT (1 — RT | K, RT | 

dt (1— 94,0) \ [A*] ) 

RT [A‘] 
BFn, 
— ec >> 
1—-A.. 
1 K, RT RT 
RT 
BFn: 

1001- 
| 
i 
~ 
(o) 
| 
t e —e 

[57] 
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When exp [(1 + 8)F(»,—7».)/RT]>>1, rear- 
rangement gives 


Int + 1 
(1+ 
(1 + BFn,_, 
)i, bad 
+ B)i, [A*]e 
58 
FZ Ky 
RT 
In this case, the value of slope is ——————_. 
(1 + 
As a third case, consider the condition that 
BFn, 
K, 
e >> 1. This case corresponds to the 


electrochemical mechanism of hydrogen evolution 
reaction in which the coverage of the electrode with 
H(Ads) in steady state is small so that the cover- 
age is proportional to exp (—F»,/RT). Equation [54] 
becomes 


BFn, 
dn, RT i, RT 
dt F°Z 6... 
Integration gives 
BF n, ) 
FZ 6... RT RT | 
—e [60] 


and when e 
BFn, 
He Nero —— in —— In e 
BF AF 


In this case, value of slope is RT/AF. 
As a fourth case, if the coverage is very small and 
Cra. << Cy», then one obtains from Eq. [17] and [52] 
(1 + B)Fn, 
dn, i, RT 
dt Cor. Ka 4 


[62] 


Integration and rearrangement under the condition 
(l + 

RT 


e >> 1, gives 


RT 
(1+ (1 + 
(1 + 
i. TA’ 
i, [A’] e [63] 
Cor. Or.0 Ks 


These considerations suggest that the decay curve, 
with the initial condition of high cathodic polariza- 
tion, such that the coverage is nearly unity, the slope 
of (m — m-) against In t can change from RT/fF to 
RT/(1 + 8)F, then to RT/AF and again RT/(1+ 8)F. 
Such behavior during decay would provide a cri- 
terion for the presence of the electrochemical de- 
sorption mechanism, under conditions such that the 
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Tafel slopes are the same as those corresponding to 
a rate-determining proton transfer mechanism. 

Anodic transients.—The above discussions for ca- 
thodic transients can be applied for anodic transients 
in the same way (i is then positive). 


Iron Electrode Transients 

A summary of the experimental facts recorded by 
Bockris, Drazic, and Despic, is as follows (1). (A) 
The apparent differential double layer capacity is 
230 uF /cm’ near the corrosion potential. (B) The ini- 
tial rate of decay of potential after cathodic polariza- 
tion is 1/100th-1/1000th of the value calculated from 
the measured parameters for the dissolution of Fe. 
(C) In galvanostatic anodic charging, a maximum 
occurs on the », — t line at low times. (D) A plot of 
overpotential corresponding to this maximum against 
the logarithm of current density gives the Tafel 
slope of RT/F (Tafel slope of steady state: 2RT/3F). 
(E) In anodic decay, a minimum is observed on the 
n, — t relation. 

The mechanism suggested by Bockris, Drazic, and 
Despic is [1], [2], and [3]. Here, the equivalent 
mechanisms 


Fe + H.O = (FeOH)* + H’ [64] 
(FeOH)* + e> (FeOH) [65] 
(FeOH) + H'+e=—Fe+H.0 [66] 


will be assumed. 


Apparent Differential Double Layer Capacity 

Two kinds of adsorbed species H(Ads) and 
FeOH (Ads) exist on the electrode surface. If it is as- 
sumed that rate-determining electrochemical de- 
sorption is that which applies to hydrogen evolution 
on Fe under conditions of the experimental work, 
H(Ads) is in equilibrium with H’. FeOH(Ads) is 
in equilibrium with OH’, Fe, and e,.. 

The coverage of H(Ads), @s, increases with in- 
crease of cathodic polarization (Eq. [6]); while 
Gecreases according to 


Or eon Fr [67] 


k 
1+—[HJe 
k 


where k and k are rate constants of the reaction of 


Fy 


k RT 
[66], respectively. For — e 


k 


The steady-state kinetics is consistent with [68]. It 
will be assumed (electrochemical mechanism in- 
dicates high concentration of H(Ads) in region of 
Tafel slope = 2RT/F) that 6.. > @reon.o- 


- 
| 
~ 
ur o) 
‘ RT 
k 
Fn 
k RT 
4 + 
od a 
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Applying Eq. [8] and [11] to the transient near to 
the corrosion potential, it is found that the apparent 
double layer capacitance of 230 u«F/cm’ is equivalent 
to @,., = 0.03. A similar value may be calculated from 
cathodic decay. 

Cathodic Decay 

Analysis of the cathodic decay is complicated for 
the iron electrode by the fact that in the steady- 
state deposition of Fe* the concentration of protons 
at the Helmholtz double layer, [H*],.., differs from 
the concentration in the bulk [H‘]s, because (ex- 
cept at very low pH) the limiting current density for 
the h.e.r. is exceeded (1). 

Thus, according to Bockris, Drazic, and Despic (1), 
[H’]»... can be expressed as 


BF 


= 


[70] 
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and H(Ads) in the mechanism concerned, can be ob- 


tained. 


BF 
— Vre,rev.) 


Que 
RT [H']s 
BFn 


RT 


(Cras) » 


Qu 
[H"]s 
The rate of the cathodic iron electrode reaction, 
iy., is found experimentally (1) to be 


( 
1+ 
\ 


Fn 


RT 


= — (i.) re e [76] 


where (i,)r. is a constant. 

Hence using Eq. [76] and [75], Eq. [19] for the 
decay at the region of high cathodic polarization, 
where iron dissolution is negligible, becomes 


= 


= 


where Vis the potential which the electrode 


would have if only the hydrogen evolution occurred 
on it at this given current density and in the absence 
of concentration overpotential. 


Then, the expression for 6, using Eq. [6] and [72], is 
1 


BF» 
Vere.rev.) —— 


RT 
e 


[73] 


Hence, for 7 = 0 
Qu 


By differentiating Eq. [72], an expression for the 
pseucdocapacitance due to the equilibrium of protons 


[74] 


For the region in which: = 
<< 1, Eq. [77] becomes 
F 


—-——(Vu — Vre.rev.) 


BF'Z Qu 


(1 + 


Integration of Eq. [74] gives 
we — Vee, rev.) 
BFZ Qu RT 
(1 + B) 


( (1 + B)Fn, (1 + B)Fn,_, 


| RT RT 
|e 


| 
] 


(1 + pF 
( 


— 4-0) 
RT t t=0 


For the condition e >> 1, one obtains 


RT 
———~ In 
(1 + 

F 


—— — Vre,rev.) 


= Int — 
(1 + 


B Qu FZ 
(1 + B) [H"]s 


(1 + BFn,_, 


[80] 


Ae 
e 75 
(Vu.n,<0 Vere rev.) - | alls 
te 
[69] 
BF 
—(V — Vu.n,=0) 
RT 
= 
> “Al 
Fy pF BFn, \? 
RT Qu RT RT 
re e 1 + e e 
[H"]s 
dn: 
RT [H's 
~ ——L(V — Vee rev.) — — Vre.rev.)] — (Vu.ng-0 — Vere.rev.) 
RT RT 
dt 
RT 
e [78] 
(Vu.n,.-0 
Q RT 
a 
\ 
where [79 
rv 
Kno RT 
RT 
e 
+ 


+ 
-0.5 OS —e log (min) 


Fig. 6. Linear relationship between log t and 1-H :-0. Decay 
curve of Fig. | was used, slope is 38 mv. 


Linearity between (7, — 7.) and In t was ex- 
amined using observed decay curves (Fig. 6). The 
experimental slope is 38 mv, in good agreement with 
Eq. [80]. The value of 6s. from the value of 
(nm — m0) at t = 1 and the known value of (i,),. and 
— was estimated as 0.3. Then, using 
Eq. [6] and [8] @x..... can be estimated. It is 0.06 in 
agreement with the value calculated from the ap- 
parent differential capacity. This is the first time a 
value for the coverage of a corroding metal with 
H( Ads) has been reported. 


Anodic Charging 


Ou cor. is Of the order of 10°, and decreases with 
anodic polarization (Eq. [6]). Hence the effect of 
#, on the anodic charging curve can be neglected, 
whereas 6y.on increases exponentially with anodic 
charging (Eq. [61]). Thus, only the effect of @r.0n 
will be considered in the following discussion of the 
anodic transients. 

In galvanostatic charging, a large fraction of i may 
be used to increase @,.on at the beginning of the tran- 
sient (FeOH is in equilibrium). This fraction de- 
creases with time (Eq. [15]) and that due to the 
electrode reaction becomes predominant. 

At typical experimental conditions, the concentra- 
tion of OH™ in the bulk is small. Consider the maxi- 
mum rate of diffusion of OH™ ions to the electrode 
surface during anodic charging. 


Don- 
(inire) max. = F V [OH"]s 


Thus, e.g., at t = 0.5 sec, [OH™], = 10°” moles cc” 
(PH = 4), (ivier) max. = 10° amp cm™. OH” ions hence 
do not easily reach the electrode surface sufficiently 
rapidly to take part in the mechanism. This is the 
basis of use of the alternative reaction sequence 
[64 ]-[66]. 
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Reaction [66] shows that the increase of @r.0n 
produces protons which pile up at the Helmholtz 
double layer and diffuse into the solution. Reaction 
[66] is in equilibrium, i.e., 


Ap" + = 0 [81] 


where Au is the change of chemical potential during 
charging from the corrosion potential to a given 


anodic potential. From [81], 
Fn, 


RT 
(H*)p1.0e [82] 


Oreon Or eon 


Oveon 


= 


where (H’),.;.. is the concentration of protons in the 
Helmholtz double layer (mole/cm’*). For the condi- 
tion 1 > 


Fn 


RT 
Oreon (H")» Oreon o (H")» @ [83] 


Let the proton diffusion be assumed to commence at 
the maximum of the anodic transient. For pH > 2 
the traction of the Helmholtz double layer occupied 
by H’ is < 10", i.e., negligible. Hence, during the 
anodic transients, according to reaction [66], the de- 
crease of (FeOH) is nearly equal to the increase of 
protons at the Helmholtz double layer, i.e., C(H’),,,; 
= Z Oreon- 


Fn, 
2RT 
= (H")» = (H")» L a e [84] 


At 9 = nmax., if i= ip., i.e., if double layer charging is 
negligible 


85 


Plotting yx. against In i, one obtains the slope 
RT/F, as observed experimentally [D]. 

After the maximum, the concentration of protons 
in the Helmholtz double layer decreases by diffusion 
of protons to the bulk. 


dt 


[86] 


where [H’*] is the concentration of protons at a dis- 
tance, x, from the Helmholtz double layer to the 
solution. The initial and boundary conditions are 


[H*] = 
xr=%,t>0 
Solution of Eq. [86] is then (6) 


0<24,t=6 


4Durt 
(7Dy.t ) 


= + [87] 


where Ty. is the surface excess of protons in the 
double layer at t = 0. 
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Atx = Oandt>0O, 
[H*].-. = [H*]s + 
From Eq. [68] and [88] 


Tu+ 


+ | 


Or eon 


k 
where = Oreon.0 


Using Eq. [89] in [85] 
(1 + B)Fn, 


Tee | RT 
+ 


i= [ 1 


Att «, Eq. [90] becomes 
(1 + 


RT 


i= (i.)re [91] 


in agreement with experiment. 


From Eq. [90], 7, can be expressed as a function of 
time, t, as: 
RT i Tu 
(1+B)F 


n= 


| [92] 


A maximum limit to the value of !'y. which may be 
assumed in a comparison of [92] with experiment 
can be arrived at so: The Tafel line in steady state is 
consistent with 6.01 << 1, i.e., the maximum value 
of Or.0n Z = 10° mole/cm’. But, under the conditions 
Oreon << 1, Ovcon = The maximum c.d. 
for the steady-state results is 10° amp cm”. Hence, at 
10° amp cm”, Z << 5 x 10™. 

Giving numerical values with Dy. = cm*/sec 
and Ty. = 5x 10™ mole/cm’, n, was calculated. Re- 
sults are shown in Fig. 2, curve (a). 


Anodic Decay 


After switching off the anodic current, the con- 
centration of FeOH on the electrode surface de- 
creases with decreasingly positive overpotential. 
When FeOH decomposes, it produces OH™ or con- 
sumes H*. On the other hand, the concentration of 
the adsorbed hydrogen atoms increases with de- 
crease of potential. 

It will be assumed that there is negligible diffusion 
of protons from the bulk of the solution to the inter- 
face up to the time corresponding to the minimum in 
the potential-time curve in the anodic decay mini- 
mum point (Fig. 2), i.e., H* ions are used up in the 
double layer (Eq. [66]). And then after the mini- 
mum in the potential-time curve, diffusion com- 
mences. 
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The diffusion could be that of H* ions from the 
bulk to the double layer. However, the order of mag- 
nitude of the current density due to this diffusion is, 
for a process occurring over a time interval of about 

0.1 sec (Fig: 2): F 
This current density is at least two orders of magni- 
tude less than the current density on decay (which 


= 10° amp/cm’. 


d 
is of the order of (Cxa.), => > 10* amp/cm’). It is 


hence unreasonable to involve diffusion of protons 
in the mechanism of [66]; and more reasonable to 
suppose that, during decay, [3] occurs. This implies 
that excess OH” ions are built up in the double layer 
and the slow process for the relaxation of the poten- 
tial then becomes their diffusion into the bulk in a 
way analogous to the diffusion away of the built up 
protons on anodic charging. By analogy to this cal- 
culation (cf. Eq. [86] and [87]): 


Tou- 


[OH]... = [OH™]s + 


[93] 
where [ox- in the surface excess of OH at the point 
of minimum potential. A maximum value of Toxu- can 
be estimated to be about 10™ moles-cm”, but this 
value would put the potential minimum for the con- 
ditions of Fig. 2 at a value much more negative than 
that observed. A value of 10°“ moles-cm”™ is consist- 


ent with the observed minimum and the theoretical 
line in Fig. 2, calculated from 


RT 


fits that of experiment well. 
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Characteristic Functions and Parameters in the 


Theory of Hydrogen Overpotential 


General Considerations 
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The Catholic University of America, Washington, D. C. 


ABSTRACT 


It is shown that the characteristic functions suggested in an earlier paper 


on the basis of the Langmuir isotherm are useful for any isotherm. The concept 


of a characteristic function 


is generalized somewhat in a function 1/2. 


The properties of 1/= are discussed. The effect of the logarithmic isotherm on 
the position of the curves is described. It is shown that p measures the variation 


In two papers (1,2), designated I and II, it was 
shown that if the adsorption of hydrogen on a metal 
follows a Langmuir isotherm, there are two charac- 
teristic parameters, i, and p, and two characteristic 
functions, g, and g., which have significance in the 
kinetic equations for hydrogen evolution. The defini- 
tions given in I are: 


i, = (di/dn) [1] 

p = {d In[@/(1 — 6) ]/d 9}... [2] 

= {exp[ (a — 1/2)] sinh »/2}/i [3] 
g. = [tanh(»/2) /i]” [4] 


In this paper the definition of p is generalized to 
eliminate the restriction to the Langmuir isotherm. 
It will be shown that the functions g, and g,. are 
natural functions for expressing the i — » relation- 
ship. The notation used is the same as in I. 


Rate Equations 
Only three elementary reactions are considered. 


Rate 
Reaction 1: H’+e+V i, 
Reaction 2: H., +V@@Hw.+ +e i, 


Reaction 3: Hi,» + 2V = is 


Here V symbolizes a vacant site on the surface. The 
rate equations are 


i, = i, e*” [(a/a,) — (a./a,.) [5] 
i, = in — (a/a,) [6] 
is = [ — (a/a,)*)} [7] 


In these equations concentration polarization in H’ 
and H,,,, has been ignored, and a has been given the 
same value for reactions 1 and 2. However, a and a, 
have been used for the activities of the adsorbed H 
atoms and the vacancies on the surface. Subscripts 
zero refer to the value of the quantity at equilibrium. 
The parameter i,, and the functions g, and g, are 
defined as before, but p is now defined generally: 


p = [d In (a/a,)/dn],- [8] 


of adsorption affinity with yn near yn = 0. 


Differentiating Eq. [5], [6], and [7] and reducing 
to the limit 7 = 0 yields 


(di,/dny) = te (1 + p) [9] 
(di./dy) »-» = i» (1 — p) [10] 
(di,/dn) = —2iap [11] 


Equations [9], [10], and [11] are formally the same 
as the corresponding ones restricted to the Lang- 
muir isotherm, consequently much of the formalism 
in I is still applicable. For the various two-step 
mechanisms discussed in I, Eq. [9], [10], and [11] 
yield values of i, and p in terms of the individual 
exchange currents which are exactly the same as 
for the Langmuir case. 


Defining: 
= (a/a,) + [12] 
A= (a/a,) — (ar/ar) [13] 
the rate equations become 
i, = i, sinh + Acosh 7/2] [5a] 
i, = i, sinh n/2— A cosh 7/2] [6a] 


i, = — 


The Electrochemical Mechanism 


[7a] 


The electrochemical mechanism, reaction 1 with 
reaction 2, has the steady-state conditions: i = i, + 
i, and i, = i,. Using [5a] and [6a] these conditions 
after some rearrangement become 


A= [14] 
= [15] 


in which t = tanh 7/2. The function g, is propor- 
tional to 1/3. The two steady-state conditions con- 
tain beth = and A; one could equally well have 
chosen to eliminate = and write an analogue of Eq. 
[15] in terms of 4. The use of = rather than A is 
defensible on the grounds that for the Langmuir 
isotherm case, 1/= is a simple function of t. 


4 > | s 
Ss 
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The Combination Mechanism 

The combination mechanism, reaction 1 with re- 
action 3, has the steady-state conditions: i = i, and 
i, = i,. Using [5a] and [7a] these conditions become 
A[ (1 + p)= — 2p cosh 9/2] = 
sinh n/2 


to = [(1 + p)/g:%] — [2p/(9.)*] 
Two cases of Eq. [17] arise: 
Case I: p = 0, slow discharge. 
Equation [17] becomes 


g. = 
Also it may be shown that = = 2. 
Case II: p = — 1, slow combination. 
Equation [17] becomes 
= (2/i,)* [17b] 


Thus, in each of the important cases, the appropri- 
ate characteristic function is proportional to 1/2; 
therefore, 1/X is effectively the characteristic func- 
tion in all cases. 


[16] 
[17] 


The Properties of 1/2 

From the form of = (a/a,) + it is 
clear that = is always positive and never zero. Fur- 
thermore, since an increase in a is accompanied by 
a decrease in a,, = and therefore its reciprocal is 
bounded in its variation. Consequently, 1/2 can be 
developed in positive powers of t which is itself 
bounded in its variation. Formally we write a Tay- 
lor series for 1/2 about the equilibrium value. 


= (1/2). + (1/2). t + (1/3).” + 


[18] 
From the definition of £, (1/2), = 1/2. 
The coefficient of the second term is obtained by 
differentiation: 


(1/2). = (dy/dt), = —1/2(d2/dn), 


It is possible to evaluate the two derivatives on the 
right of Eq. [19] in terms of p and @, the fraction 
of the surface sites covered by H atoms at equi- 
librium. 

Let N, = the number of sites on the surface. Then 
n = ON, = the number of adsorbed H atoms on the 
surface, n, = (1 — 6)N, = the number of vacant 
sites on the surface. The Gibbs-Duhem equation, 
valid at 7 = 0, for atoms and vacancies on the sur- 


face is 
+ Ney = 0 
on on e 


1— ( da, ) 
=: 
06 


Avo 


[19] 


which becomes 


+ 


From the definition of p: 


THEORY OF HYDROGEN OVERPOTENTIAL 


Using [20] in [21] 
d 


= (1—6)p [22] 


Using [22] and [23] in [19]: 

(1/2) = — 1/2)p [24] 
The expansion of 1/2 correct to the first power of t 
is 


[25] 


1 
= + (0.—1/2)pt +... 


The result in Eq. [25] is independent of the mech- 
anism and the form of the isotherm. 

The plot of the characteristic function vs. t has a 
slope and intercept determined by the exchange 
current. The ratio of the initial slope to the inter- 
cept is 2(@,— 1/2) p. If it is possible to decide on the 
value of p, then the value of 6, can be gotten from 
the slope-intercept ratio. 


Logarithmic Isotherm 
For the Langmuir isotherm, the higher deriva- 
tives of 1/ are zero for the limiting cases and Eq. 
[25] represents the complete dependence of 1/= on 
t. However, if the isotherm is the logarithmic type 
used by Temkin (3), then 1/2 will not be linear in 
t. The activities are 
a = 6 


a, = (1— @) 


[26] 
[27] 


where x = w/RT, w being the interaction energy. 
The isotherm has the form 


Rather than present the dependence of 1/2 on zx in 
laborious detail, only the general effect of x on 1/ 
will be determined. By standard methods we obtain 


- ()E ) [29] 


and a similar equation in 1/A. Elimination of (00/ 
dx), between these two equations, and use of the 
definitions of = and A, yields the relation 


(222) 0 
+ 
=+A 


N@e7,bs+a 
[30] 


The steady-state relation for either mechanism, 
[14] or [16], can be used to eliminate A and (0[1/ 
A]/dx), from [30] and yield a value of [0(1/2)/ 
0x 

For the electrochemical case, differentiation of 


[14] yields 


Using this and [14] in [30] yields ultimately 


gre, 
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(==) (6 — @)* 
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At any specified value of », the value of the charac- 
teristic function increases with increase in x since 
the right-hand side of [31] is always positive. In 
particular this means that if x is positive the curve 
of 1/2 vs. t will always lie above the straight line 
corresponding to the Langmuir isotherm, while if x 
is negative the curve will lie always below that line. 

In the two cases of the combination mechanism, 
using [16] and its derivative with [30]: when p = 
— 1, the result is the same as in [31] and the same 
argument about the position of the curve applies. 
When p = 0, = = 2; hence [0(1/2)/dx], = 0. The 
curve of 1/ vs. t is thus a straight line just as it is 
for the Langmuir isotherm. This situation prevails 
because combination is so rapid that the coverage 
remains at the equilibrium value. The potential is 
then determined solely by the current density; con- 
sequently, the form of the isotherm cannot affect 
the current-potential relation at a specified pres- 
sure. The variation of the parameters with pressure 
will depend on the form of the isotherm. 


The Adsorption Affinity and p 
The adsorption reaction is written 


1 


The affinity, A, is 
A = A’— RT In (a/a,p"”) [32] 


Keeping p = p,, differentiation yields 
dA 
= —pRT [33] 
dy 

The parameter p is a measure of how the variation 


in potential affects the affinity of the adsorption re- 
action near 7 = 0. 
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In the electrochemical mechanism, p = 1 (slow 
discharge) corresponds to a decrease in A with in- 
crease in »; this occurs because the surface is ac- 
cumulating H atoms. This increase in concentration 
of H atoms decreases the affinity. If p = — 1, in- 
crease in potential increases the affinity because the 
surface is being denuded of H atoms. 

For the combination mechanism: p = 0 (slow 
discharge) the affinity is unaffected by change in 
potential since the coverage remains at the equi- 
librium value. If p = — 1 (slow combination) in- 
crease in potential denudes the surface and in- 
creases the affinity. 
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APPENDIX 
The coefficient of t* in the series of Eq. [18] has the 
values: 
Electrochemical mechanism: 


1.G.W 
2. G.W 
3. M. I. 


1 
(1/3).” = 2p? x 0.7? (1 — — 220 (1 — 6) ] 
Combination mechanism: 


1 

(1/E).” = (1 + p) [2p7(6. — %)? + 
2p x 0.” (1 — 4)? 
1—2270.(1 — 6.) 


2pl(a (6. %)] + 
Reaction 2 with reaction 3: 


The coefficient of t? has the same form as for the 
combination mechanism except that the factor (1 -+ p) 
in front of the bracket is replaced by (1 — p). 
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The Influence of lon-Pairs on Reaction Mechanism 
The Bromoacetate-Thiosulfate Reaction 


G. Corsaro and M. C. Morris 


Department of Chemistry, The University of Akron, Akron, Ohio 


ABSTRACT 


The existence and participation of associated ion-pairs in an ionic reac- 


tion mechanism are demonstrated by rate behavior of the bromoacetate- 


thiosulfate ionic reaction. 


Whereas the salts of the reactants are presumed to provide the ion which 
takes part in reaction, the electrostatic influence of the cations present in solu- 
tion becomes evident when solvent mixtures other than water are employed. 
The observed results may be best interpreted by assuming that the thiosulfate 
ion associated with its cation becomes a part of a critical complex structure. 
The size and charge of the cation, and the dielectric constant of the reaction 
medium, can be correlated with the observed bimolecular rate constants. The 
nature of the ion-pair involved conforms with a species in which the cation 
and anion are separated sufficiently that they retain their discrete identities. 
However, the ion-pair may behave as a single entity with an effective net 
charge which is the algebraic sum of the cation and anion charges. The latter 
behavior is manifest in the Brénsted primary salt effect concerning the variation 
of ionic strength on rate constants. A mechanism for the ionic reaction in which 


The study of ionic reactions and their rates pro- 
vides experimental evidence for the transition state 
concept. The theoretical correlation of ionic and di- 
electric environment with the bimolecular rate con- 
stants for such reactions has been provided by 
Bronsted (1), Bjerrum (2), and Scatchard (3). 

A number of ionic reactions have been investi- 
gated which apparently conform with the expecta- 
tion of theory (4-6). The bromoacetate-thiosulfate 
reaction shows serious deviation from theory which 
cannot be reconciled with the assumption that 
“free” ions are reactants. Corsaro (7) has summa- 
rized the nature and magnitude of these deviations 
and proposed a mechanism which accounts for them 
based on the postulate that ion-pairs are partici- 
pants in reaction. 

Davies and Williams (8) developed a two term 
rate expression for reactions involving bromoacetate 
and thiosulfate ions which took into account the 
ion-pair concentration as a reactant and were able 
to correlate the rate data with a modified Bronsted 
primary salt effect expression which they derive. 
They were able to utilize the measured dissociation 
constants (9-11) of the ion-pair species to calculate 
an ionic strength function involved in their rate 
expression. It should be noted that the concentra- 
tion of ion-pairs involving bromoacetate ion were 
negligible. 

Winstein (12-14), Denny and Monk (9), Righel- 
lato and Davies (10), and Jenkins and Monk (11) 
have provided data concerning the nature of ion- 
pairs, the techniques which may be employed for 
the estimation of their dissociation constants, and 
the modification of electrolytic solution properties 
which may be expected from their presence in solu- 


ion-pair participation is involved is described. 
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tion. Recent papers by Davies (15) and by Duncan 
and Kepert (16) call attention to a several ion-pair 
species which may form in solution including one 
type in which the constituent ions of the pair may be 
separated sufficiently to be recognized as discrete 
entities but which nevertheless often behave as if 
they had combined to form a third entity. 

It is the objective of this paper to demonstrate 
the presence of ion-pairs in reactions involving 
thiosulfate and bromoacetate ions, and the contri- 
butions these ion-pairs make to the mechanism of 
the reaction. Previous studies of the bromoacetate- 
thiosulfate ionic reaction (4, 7, 8, 17-21) usually 
have concerned themselves with the effect of added 
salts to sodium reactant mixtures. In this investi- 
gation reactant mixtures consisted of sodium, 
cesium, potassium, and calcium thiosulfate with the 
corresponding bromoacetate salt. In this way only 
one cation was present in the reaction mixture. Re- 
actions were carried out in solvent mixtures con- 
sisting of 30, 40, 50, and 60% by weight isopropanol 
and water in order to determine the effect of varia- 
tion of dielectric constant. Some rate data were ob- 
tained for reactions in which ethyl bromoacetate 
replaced bromoacetate salts. 


Experimental 


The rate measurements were made by a proce- 
dure similar to that used by Davis and LaMer (22). 
The initial reaction mixture contained quantities of 
reactant salts which provided equimolar anion con- 
centrations. These consisted of one of the pairs: 
sodium, potassium, cesium, and calcium thiosulfate 
with the corresponding bromoacetate salt. All rate 
measurements were made at 25° + 0.01°C. The 
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Fig. 1. Log k vs. uw” for alkali reactants in 60% isopro- 


panol-water mixtures. 


bromoacetate salts were prepared at the start of 
each rate run by equilibrating the required amount 
of bromoacetic acid with the appropriate metal hy- 
droxide. 

At t = 0, two separate portions of solvent each 
containing one of the reactants are mixed, and the 
reacted thiosulfate is determined by analysis of 
residual thiosulfate concentration by titration. 
Thiosulfate concentrations are used to calculate the 
rate constant by the expression 


xX 


at(a—x) 


[1] 


in which “a” is the initial reactant salt concentra- 
tion, x, the amount reacted in time t, and k, the bi- 
molecular rate constant. The end points for the 
titration were determined by adding an excess of 
0.01N iodine solution which was then estimated 
with a photoelectric colorimeter using previously 
constructed calibration curves. The thiosulfate salt 
solutions were prepared from analyzed stock solu- 
tions. Sodium and potassium thiosulfate were C.P. 
grades and used as purchased after analysis for im- 
purities. Cesium thiosulfate was prepared by A. D. 
Mackay Company of New York. Calcium thiosulfate 
was prepared by reaction of calcium sulfate with 
barium thiosulfate. The salt was precipitated from 
acetone-methanol solutions at low temperatures. 
Bromoacetic acid, ethyl bromoacetate, and isoprop- 
anol were Eastman white label products. Bromo- 
acetic acid was purified by vacuum distillation, 
ethyl bromoacetate by distillation and checked 
chromatographically for impurities, and isopropa- 
nol was dried over CaO, distilled, and redistilled as 
needed. 

The results recorded for rate constants represent 
duplicate runs and the average of k values calcu- 


Table |. Calculation of and comparison of rate constants 
for a typical run 


Slope « 10+ Rate constant Intercept 
Method of least 0.8130+0.01 0.400+ 0.005 0.04995 
squares 
Method of aver- 0.808+0.01 0.404+ 0.005 0.4998 
ages 
Graphically 0.812 0.406 0.0500 
Analysis 0.49987 
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lated by expression [1]. The precision of the data 
can be checked in several ways: a plot of the con- 
centration-time data should be linear and the ex- 
trapolated line at t = 0 should agree with the initial 
thiosulfate concentration found by analysis. The 
intercept of the time plot was calculated from the 
data by the method of averages. The slope of the 
plot calculated by the method of least squares should 
be within the average of the k values obtained for 
each individual time run. A typical set of data is 
recorded in Table I. 


Treatment of Data 


To test the observed data for conformity with the 
Broénsted-Bjerrum (1, 2) rate expression, Jog k 
values should be plotted against y’”. In this investi- 
gation the values for » were calculated by assuming 
that thiosulfate salts provide ion-pairs NaS.O,, 
KS.O,, and CaS.O,° in all solvents except water 
and that association was complete. This assumption 
may not be valid in solutions containing low con- 
centrations of alcohol and in the absence of dis- 
sociation constant data for the ion-pairs presumed 
to be formed in the reaction mixtures probably is 
approached in solutions of alcohol of 40% or greater. 
These species rather than free thiosulfate ion con- 
tribute to the ionic strength. A 0.005M solution of 
equimolar alkali metal salts thus gives an ionic 
strength, % (0.005 x 4) and 0.005M calcium thio- 
sulfate with 0.0025M calcium bromoacetate, 2 
(0.005 x 3). 

The slopes for log k vs. »'* plots, 2A-Z,-Zs, are 
+1 or zero for alkali and calcium salt reactants, 
respectively. All of the data are recorded in Tables 
II through V and will be referred to in this discus- 
sion. 

To facilitate the description of reactant systems 
the element symbols Na, K, Cs, and Ca will be used 
to represent the pair of thiosulfate-bromoacetate 
salts of the metal indicated. The concentrations of 
the salts were chosen to provide equimolar mix- 
tures of their respective anions. The solvent media 
are described by the per cent by weight of the alco- 
hol used with water. The dielectric constant values 
of the various solvent mixtures are those reported 
by Akerlof (23) at 25°C. The bimolecular rate con- 
stants, k and k,, are expressed in the usual units of 
L/moles x sec. The notation I-PrOH will be used to 
stand for isopropanol. 


Discussion of Results 


The rate constants obtained for reactions in which 
ethyl bromoacetate is one of the reactants in place 
of bromoacetate salt are larger in magnitude than 
those for the ion-ion reaction. Sodium thiosulfate, 
with ethyl bromoacetate in water, gives a k value 
almost sixty times greater than for the sodium salt 
reaction. Apparently the ion-ester reaction is free 
from repulsive forces which obtain in the ion-ion 
reaction. In both reactions the thiosulfate ion is a 
nucleophile which displaces the bromine atom from 
the ester or bromoacetate ion. 

If ethyl bromoacetate is a reactant with the thio- 
sulfates of sodium, cesium, calcium, or an equi- 
molar mixture of sodium thiosulfate and lanthanum 
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Table I1. Rate constants for alkali metal reactants 


log k + 


Conc (M) 1(Na) 1(K) 
72% N-PrOH (D = 30) 
0.001 0.0447 0.621* 
0.003 0.0775 0.782* = 
0.005 0.1000 0.877* 
60% I-PrOH (D = 35.3) 
0.003 0.0775 
0.004 0.0895 0.722 0.831 
0.005 0.1000 
0.006 0.1097 0.798 0.898 
0.007 0.1183 0.830 — 
0.008 0.1265 0.854 0.958 
0.010 0.1414 0.895 0.986 


50% I-PrOH (D = 42.5) 


0.0775 0.561 _- 
0.0895 0.617 0.702 
0.1097 0.667 0.769 
0.1265 0.821 
0.1414 0.763 0.858 
40% I-PrOH (D = 49.7) 
0.0632 0.467 0.532 
0.0895 0.549 0.617 
0.1097 0.617 0.689 
0.1265 0.683 0.748 
0.1414 0.704 0.773 


30% I-PrOH (D = 56.9) 


* Data from ref. (19). 
* Data from ref. (17). 
t Ionic strengths calculated by 4M. 


0.002 0.0632 0.487 
0.004 0.0895 0.565 
0.006 0.1097 0.632 
0.008 0.1265 0.687 
0.010 0.1414 0.684 
(D = 78.5) 
0.0025* 0.1004 0.576 
0.004 0.126 0.619 
0.005+ 0.141 0.618 
0.006 0.155 0.648 
0.008 0.179 0.673 
0.010 0.200 0.691 
0.0257 0.316 0.771 
0.0337 0.363 0.813 
0.050 0.436 0.863 


- 0.617 


Table III. Slopes from log k vs u'* plots 


Reactants D 

Na 30 

Na 35.3 
K 35.3 
Cs 35.3 
Na 42.5 
K 42.5 
Cs 42.5 
Na 49.7 
K 49.7 
Na 56.9 
K 56.9 
Na 78.5 
K 78.5 
Cs 78.5 
Na-La* 30 

Ca 42.5 


Observed slope 


4.30 
3.38 
3.12 
3.36 
3.08 
2.90 
2.80 
3.23 
3.16 
2.36 
2.44 
1.40 
1.40 
1.40 
—4.31 
0.0 
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4.31 
3.36 
3.36 
3.36 
2.56 
2.56 
2.56 
2.02 
2.02 
1.66 
1.66 
1.02 
1.02 
1.02 
—4.31 
0.0 


* Equimolar mixtures of La(NOs)s-NayS,Os-NaBrAc, 1M 72% 


N-PrOH. Data from ref. but recalculated. 


Table IV. Summary of k../r and k.D/r data 
rt = 1.69A (Cs), 1.33A (K), and 0.95A (Na) 


React- from 
ants D ke ko/t koD/r ave 
Na 30 0.292 0.308 9.25 —0.46 
(—) 
Na 35.3 0.264 0.278 9.80 +0.09 
K 35.3 0.357 0.268 9.49 —0.22 
Cs 35.3 0.512 0.306 10.51 + 0.86 
(0.224) * 
Na 42.5 0.213 0.224 9.51 —0.20 
K 42.5 0.282 0.212 9.00 —0.71 
Cs 42.5 0.421 0.249 10.57 +0.86 
(0.226) 


Na 49.7 0.183 0.192 9.55 —0.21 
K 49.7 0.251 0.189 9.43 —0.28 
(0.191) (9.71) * 
Na 56.9 0.197 0.208 11.82 — 
K 56.9 0.246 0.185 10.52 — 
Na 78.5 0.302 0.318 24.95 _ 
K 78.5 0.266 0.200 15.70 — 
Cs 78.5 0.286 0.169 13.28 — 


* Results in parentheses are average of values above them. 
+ Radii, from crystal lattice ion sizes. 


Table V. Rate constants for reactions with ethyl bromoacetate 


Reactant L 
SaH Conc (M) Solvent 


Na 0.008 


Water 
Na 0.004 Water 14.5 
Na 0.008 50% I-PrOH 20.42 
Cs 0.008 50% I-ProH 20.50 
Ca 0.008 50% I-PrOH 12.18 
Ca 0.004 50% I-ProH 10.55 
La-Na* 50% I-PrOH 3.61 


0.008 


* Equimolar La ‘(NOs)s — Na»S.O; — Ester. 


nitrate, the observed rate constants stand in the de- 
creasing order Na=Cs>Ca>La—Na. Table V 
records the rate constants obtained for these salt- 
ester systems in 50% I-PrOH. The values decrease 
from 20.2 for sodium thiosulfate and ester to 3.61 
for the sodium-lanthanum-ester mixture. These 
results may be accounted for if the ion-pairs, 
M’S.O,, Ca‘’S.O,, and La‘*’*S.O, are assumed to 
have been created in the reaction mixtures and the 
reactivity of the thiosulfate ion is affected to a 
greater extent by its association with polyvalent 
cations. 

Figure 2 contains some of the k, results collected 
and reported by Davis and LaMer (22), and those 
values obtained in this investigation. They represent 
the rate constants at zero ionic strength for sodium 
reactants in a variety of solvent mixtures. The ex- 
pected linear plots for log k, vs. 1/D are confined 
apparently to that data obtained with solvents for 
which the dielectric constants are greater than 80. 
In the range D = 50 to 80, the observed k, values 
appear scattered along a flat minimum of the curve, 
and the remainder of the plot with a positive slope 
contains rate constants obtained with solvents con- 
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Fig. 2. Log k, vs. 1/D for sodium reactants in solvent-water 
mixtures, indicated by; open square—glycine, open triangle— 
urea, solid inverted triangle—pure water, open inverted tri- 
angle—sucrose, circle, right side solid—methanol, circle, left 
side solid—t-butyl alcohol, open circle—isopropanol, solid 
circle—-n-propanol. 


taining 40 to 72% alcohol. Davis and LaMer sug- 
gested that a more satisfactory comparison of rate 
constants would be obtained if a mole fraction in- 
stead of a molar scale were used for the calculated 
k, values. While such a corrected scale eliminates 
some of the scatter in the D = 80 portion of the 
curve its over-all shape as shown in Fig. 2 is not 
altered. It should be noted that the k, values ob- 
tained with water and 30% I-PrOH fall on the mid- 
dle part of the curve. 

A reasonable explanation for the over-all data as 
shown is that in solvents of dielectric constants 
greater than 80 the salts which provide the reactant 
ions are completely dissociated and that reaction 
proceeds between “‘free’”’ ions unaffected by ion as- 
sociation. The remainder of the plot manifests the 
increasing influence of cation charge on the reaction. 
The presence of alcohols, or other organic solvents, 
with water may tend to desolvate the ion species in 
solution and thus effect a mutual electrostatic at- 
traction between oppositely charged ions. 

According to Duncan and Kepert (16) an associ- 
ated ion-pair could behave as a single entity or the 
constituent ions could retain their individual iden- 
tities and charge influences. The observed rate con- 
stants for alkali and calcium saits appear to conform 
with such a dual behavior. If the symbolic struc- 
ture, M’"S.O,"", is written for ion-pairs, their n—2 
net charge and that for the critical complex formed 
between these species and bromoacetate ion govern 
the effect of ionic strength variation on the rate of 
reaction. The sign and magnitude of slopes from log 
k vs. »’”’ plots should then reflect these effects. In 
plots like those shown in Fig. 1, the slopes were 
calculated from log k values and ionic strengths 
created from ion-pair contributions rather than 
“free” thiosulfate ions. The observed slopes are 
compared with those calculated from 2AZ,Z, in 
which Z, is taken as —1. The agreement between 
the observed and calculated values is best for rates 
measured in 50, 60, and 72% alcoholic mixtures. 
The increasing deviation from the calculated results 
in 40 and 30% alcohol solvents is probably the re- 
sult of partial rather than the complete association 
between thiosulfate ion and its cations assumed in 
these solvents. However, it is reasonable to expect 
that if the dissociation constants of the ion-pair 
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Fig. 3. Log k vs. wu” for calcium reactants in 50% isopro- 


panol—open circle, calcium in water—circle, right side solid, 
and sodium in water—open square. 


species could be estimated for these solvents that a 
treatment similar to that given by Davies and 
Williams (8) could be utilized to bring the rate data 
in better conformity with theory. It also is interest- 
ing to note that the exclusion of ion-pairs in which 
the bromoacetate ion could be involved is justified 
on the basis of the good agreement with the as- 
sumed mechanism obtained with solvents of lower 
dielectric constants. 

Figure 3 summarizes the results obtained with 
calcium salts as reactants in water and 50% iso- 
propanol. The nonlinear curve with the data ob- 
tained in water suggests that increased concentra- 
tion of the calcium salts favors ion-pair formation, 
and the log k vs. y»'* plot tends to level out as the 
concentration of ion-pairs increases. On the other 
hand, the data obtained with 50% alcohol show that 
the k values do not change with concentration of 
reactants used and the zero slope for the log k vs. 
»'* plot reflects participation in reaction by an ion- 
pair with a zero net charge. It should be noted that 
when calcium thiosulfate is assumed to be associ- 
ated that the ionic strengths calculated from its 
concentrations used in rate studies would not be 
too different from each other although the spread of 
concentration of this salt is significant. The data and 
Fig. 3 omit rate data obtained with this calcium 
system to which sodium chloride had been added in 
significant amounts, although the observed rate 
constants changed but little with these salt addi- 
tions. 

The behavior of ion-pairs in which the constitu- 
ent ions retain their individual charge influences is 
manifest by the various k, results calculated from 
the observed rates. These rate constants reflect all 
the energy contributions to the formation of the 
transition-state and are independent of ionic 
strength variations. The values for all the alkali 
metal systems are recorded in Table IV. It is ap- 
parent that with 50 and 60% alcohol the k, results 
for the three alkali metal systems are significantly 
different and stand in the decreasing order of mag- 
nitude Cs > K> Na. In other solvents the data ob- 
tained also show that k, values for potassium salts 
are greater than for sodium systems. In water the 
observed rates give a reversed order of k, magni- 
tudes. 

It is also true that k, for each alkali metal system 
is larger for reactions carried out in solvents con- 
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taining the greater amount of alcohol, starting at 
40% alcohol, and that such k, values appear to be 
proportional to 1/D in which D is the dielectric 
constant of the reaction medium. 

The difference among the alkali metal k, values 
from data obtained with a given solvent, and their 
increased values with solvents of lower dielectric 
constants, may be attributed to electrostatic effects 
derived from the independent influence of the con- 
stituent ions of the ion-pair taking part in reaction. 
These effects may be visualized if the reaction 
mechanism is represented by: 


M™ 
BrAc + = | | 


a + Prds 


[2] 


Expression [2] shows an intermediate complex in 
which an ion-pair is oriented with the bromoacetate 
ion. The orientation is effected by an electrostatic 
attraction between the cation of the ion-pair and 
the carboxylate structure of bromoacetate ion which 
in turn reduces the electron density at the alpha 
carbon position. The entry of thiosulfate ion into 
the transition-state thus is enhanced by this com- 
bined effect. 

The apparent influence of the cation size may be 
accounted for if it is assumed that the constituent 
ions of the ion-pair are separated by their distance 
of closest approach when the intermediate complex 
is formed, although they may be separated other- 
wise at an undetermined distance before such a 
complex is created. The reactivity cf the thiosulfate 
ion should then be least affected by a greater dis- 
tance of separation between its center of charge and 
that of its associated cation. This condition is satis- 
fied by the thiosulfate salt with the cation of largest 
radius and is consistent with the expectation that 
ions in solvents with the same dielectric constant 
should have electric field strengths proportional to 
1/r if r is taken as the radius of the ion from the 
center of ion charge. The order of k, values for the 
three alkali systems is thus the reverse of that for 
increased influence of cation in reducing the reac- 
tivity of the thiosulfate ion associated with it. If 
this argument is valid, the different k, values for 
the three alkali metal systems in a given solvent, 
should be leveled to a common value if the effect of 
different cation size is cancelled. This may be ac- 
complished by adjusting the k, results to a common 
radius value. Table V records the results obtained 
when the k, values of each alkali metal system is 
divided by the radius of its metal ion using the 
crystalline lattice ion radius for the latter value. 
The k./r ratios obtained by using the ion radii 
values in Angstrom units are, in effect, the rate 
constants obtained with salts having cation radii 
of 1.0A. The observed data with 50 and 60% alco- 
hol, which are complete for all three alkali metals, 
give individual k,/r ratios which agree within 10% 
of the average of the three values obtained with 
each solvent. 
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The electrostatic effects manifest by the relation- 
ship between k, values and the dielectric constants 
of the solvent mixtures used in reactions from 
which these k, values were obtained can be leveled 
to a common dielectric constant value. Table V also 
shows the results of multiplying each k,/r value by 
the dielectric constant of the solvent mixture in 
which rates were measured. The k,D/r values are 
then, in effect, the rate constants for alkali metal 
salts having cations with the same radii and in sol- 
vents from which the effect of dielectric constant 
has been eliminated. The individual k,D/r values 
are also within 10% of the average of all data ob- 
tained in solvents with 40 to 72% alcohol content. 
These results are all consistent with electrostatic 
contributions to the energy of formation of the 
transition-state complex derived from the cation 
influence on the reactivity of thiosulfate ion and its 
attraction to the carboxylate structure of the bromo- 
acetate ion. The results from k,D/r are possible 
only if the cation attraction to the carboxylate 
structure obeys the simple Coulomb attraction rule 
for oppositely charged species. 

Corsaro (7) has reported data for reaction rates 
with systems containing equimolar amounts of 
bromoacetate-thiosulfate ions and thorium nitrate 
additions less than reactant ion concentrations. The 
reactions follow an apparent third order mechanism 
since they were second order with respect to thio- 
sulfate ion concentration, and consistent third rate 
constants were calculated from the appropriate rate 
expression. The rate constants so obtained divided 
by the molar concentration of thorium nitrate used 
gave constant values over a wide range of thorium 
additions. 


It would appear that one thorium ion is regener- 
ated as two thiosulfate ions react and the order of 
the reaction thus is sustained. But this would re- 
quire a mechanism in which two bromoacetate ions 
and two thiosulfate ions form a transition-state 
structure and is improbable. A possible mechanism 
can be represented by the following: 


Th* + S,0O, = ThS,O,”* [3] 


ThS.O,”* + S.0, = [4] 


T 
ThS,O,” S,O, + BrAc ~ ThS.0,* + Prd [5] 


Expression [3] shows that one thiosulfate ion can 
form a complex ion with one thorium ion, or at 
least, an intimate ion-pair. This complex in turn 
can form the type of ion-pair which takes part in 
reaction in a manner similar to those which have 
been discussed. 

The constancy of the rate constant/(Th) ratios 
up to thorium nitrate additions equal to that of 
sodium salts then may be interpreted as resulting 
from the fact that the complex ion, ThS.O,**, is be- 
ing regenerated during reaction. When the thorium 
concentration is in excess of sodium salts the rates 
fall off since then more complex ion, ThS,O,"*, is 
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being formed and less actual reactant, ThS.O,** 
—S.O,, would be present. It may be argued that if 
this explanation is valid that the maximum in the 
rate constant value should appear at concentrations 
of added thorium nitrate equal to one half that of 
sodium reactants. However, this also would assume 
that all of the thorium and thiosulfate ions are in- 
volved in the formation of the species, ThS.O,°’S,O,°. 
It is more probable that, while the species ThS.O,"* 
is readily formed, ThS.O,°'S.O,° depends on an equi- 
librium shown by expression [4]. 

The steps shown in [3], [4], and [5] are over 
simplified. Solvation of all species is probably an 
important factor in reaction mechanism. Neverthe- 
less the kinetic facts can be explained, at least in 
part, if the assumption that the ion-pair species as 
described take part in reaction. 


Conclusions 

The reaction between thiosulfate and bromo- 
acetate ions may be complicated by the creation of 
associated ion pairs even in very dilute aqueous 
solutions. The effect of added alcohol to a reaction 
cannot be explained alone by a decrease of dielec- 
tric constant. Probably such additions have some 
dehydration effects which result in enhanced mutual 
electrostatic attraction between oppositely charged 
species. The various data reported in this investiga- 
tion appear to justify the conclusion that an ion- 
pair may behave as a discrete entity and still retain 
the identity of its constituent ions. 

Although it was postulated that the ions making 
up the pair may be at a distance of separation cor- 
responding with that of closest approach, it was not 
intended that a conclusion should be drawn that 
such a condition prevails other than when an inter- 
mediate such as described by expression [2] is 
created. The actual transition-state probably occurs 
subsequent to the formation of the intermediate in 
which the ion-pair is shown. 

The agreement between the observed slopes for 
log k vs. »’” plots and those calculated by assuming 
the presence of ion pairs, M"S.O,”"*, may be taken as 
evidence for the participation of ion-pairs which 
behave as single entities. The apparent effect of 
cation size and that from the variation of dielectric 
constants of solvent media, is consistent with ion- 
pair behavior in which its constituent ions retain 
their cation charge influence, and thiosulfate ion its 
discrete reactivity, although modified by its as- 
sociation with cations. 
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The rate data for sodium systems containing 
thorium nitrate show to what extent the participa- 
tion of complex ions or ion-pairs may modify a re- 
action mechanism. 

The observed results, when ethyl bromoacetate is 
a reactant in place of bromoacetate salts, demon- 
strate a need to consider the effect of ion association 
in the study of displacement type reactions from 
which it is expected that a comparison of nucleo- 
philic reactivities may be obtained. A review of 
such reactions by Streitweiser (24) clearly demon- 
strates this need. 


Manuscript received Oct. 20, 1960; revised manuscript 
received March 15, 1961. 


_ Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1962 JouRNAL. 
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Limiting Currents for the Reduction of the Tri-iodide 
lon at a Rotating Platinum Disk Cathode 


J. D. Newson and A. C. Riddiford 


Department of Chemistry, The University of Southampton, Southampton, England 


ABSTRACT 


Limiting currents for the reduction of the tri-iodide ion have been deter- 
mined with a rotating platinum disk cathode. The concentration of tri-iodide 
ion has been varied over the range 0.124-3.70 mM; the angular velocity of the 
disk, 50-200 rpm; the temperature, 25.0°-44.7°C; and the kinematic viscosity of 
the solution 0.00874-0.0555 cm* sec". The results confirm the validity of Le- 
vich’s theory for Prandtl numbers within the range 350-33,000. 


In 1942, Levich solved the problem of mass- 
transport to the surface of a rotating disk from a 
solution containing not more than three ion species 
(1). A number of experimental investigations de- 
signed to check this theory have been published. 
These have been summarized by Gregory and Rid- 
diford (2), who have shown that the observations 
are in excellent agreement with a slightly modified 
form of the theory. The experiments were confined, 
however, to a somewhat restricted range of condi- 
tions, and it is the purpose of the present paper to 
describe a more extensive check of this important 
theory. 

To this end, the observations of Hogge and Kraich- 
man (3) on the limiting currents for the reduction 
of tri-iodide ion have been confirmed and extended. 
The experimental results have thrown light on the 
kinetics of the iodine redox electrode process, and 
this aspect of the work is discussed in the following 
paper (4). 

Experimental 


Solutions—ANALAR grade iodine and potassium 
iodide were used without further purification to 
prepare a stock solution 0.025M in tri-iodide ion 
and 0.1M in potassium iodide. The cell solutions 
were made up by diluting the requisite volume of 
stock solution with 0.1M potassium iodide solution. 
Commercial sucrose was used for increasing the 
viscosity of some of the solutions. The solutions 
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Fig. 1. The disk electrode. (Inset). Detail of edge 


were freed from oxygen by using cylinder nitrogen 
of normal grade (O, < 0.05%). 

Disk electrode——The form finally adopted is 
shown in Fig. 1. A stout platinum plate was soft 
soldered to a brass former with a long shank, and 
the plate was then machined true by turning the 
former on a shaft held in an accurately centered 
chuck. The former, and the edges of the platinum 
disk, were insulated with APIEZON wax applied 
as a benzene solution. Several chemical-resistant 
paints and lacquers were tried, but either they ab- 
sorbed iodine rapidly from the solution, or would 
not adhere to the brass former. 

Pinholes in the wax gave current/potential curves 
of unusual shape with high limiting currents, an 
effect that has been explained elsewhere (2). Pin- 
holes were easily seen by immersing the disk in con- 
centrated nitric acid, when they appeared as bright 
“‘brassy”’ specks. These were then painted over with 
the wax and left to dry. They occurred most fre- 
quently when the wax coat became old and brittle, 
or when it was still soft and the iodine could pene- 
trate. The wax became sufficiently hard if left for 
12 hr. 

Normally, the disk was cleaned and polished be- 
tween each series of runs by a very fine emery 
powder which was applied with a damp chamois 
leather kept for this purpose. Although this treat- 
ment was thought at first to be rather drastic, and 
indeed was sometimes omitted on this account, a 
careful comparison of the current/potential curves 
obtained showed that it was without significant 
effect on the rate of the surface reaction. The limit- 
ing currents, being dependent only on the apparent 
area, were also unaffected. The disk was stored 
under distilled water when not in use. 

The disk was spun by mounting the former on a 
steel shaft which rotated in ball-races. Mounted in 
this way, the eccentricity amounted to less than 
0.001 in., measured at the circumference of the disk. 
The disk radius was 1.56 cm, giving an apparent 
surface area of 7.64 cm”. 

Other electrodes.—The anode was formed from a 
stout sheet of platinum foil (5 x 5 in.) such that its 
surface area was some 20 times larger than that of 
the disk electrode, so ensuring that it remained 
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virtually unpolarized during the experimental runs. 

The reference electrode was a silver/silver iodide 
electrode made according to Owen’s description 
(5). It was filled with 0.1M potassium iodide solu- 
tion, and capillary connection to the test solution 
was made at a point in the solution slightly above 
the lower (working) surface of the disk electrode. 
The test solutions were always 0.1M in potassium 
iodide, and the concentrations of tri-iodide ion 
studied were such that the liquid/liquid junction 
potential was negligible. It is of interest to note 
that, with this arrangement of the capillary con- 
nection, the potential of the working disk electrode 
measured against the reference electrode was in- 
dependent of the position of the capillary junction, 
so long as this junction was above the plane of the 
lower surface of the disk. If this junction was low- 
ered, however, an ohmic drop at once became ap- 
parent. 

Other details.—The electrode vessel was cylindri- 
cal, and of 5.5 in. diameter such that the walls did 
not interfere with the flow about the disk (2). It 
was filled with about 1700 ml of solution. 

Nitrogen was presaturated with iodine and water 
vapor by passing it through a solution of the same 
composition as the test solution, and at the same 
temperature. It was then passed over the surface 
of the test solution in the electrode vessel to main- 
tain a slight positive pressure within the system. 

During a run, the first reading taken was the 
open-circuit potential of the disk electrode meas- 
ured against the reference electrode. Subsequent 
readings were obtained with various currents flow- 
ing, until the limiting current was reached. After 
this, a few readings of the disk potential were made 
in the reverse direction with decreasing current, 
and finally the open-circuit potential was checked. 
The observations made with progressively increas- 
ing currents always agreed closely with those made 
in the reverse direction. Steady readings were ob- 
tained with no appreciable time lag. Separate ex- 
periments showed that the residual currents for 
0.1M potassium iodide solutions were negligible. 

The kinematic viscosity of the solutions was 
measured with an Ostwald capillary viscometer. 
The necessary kinetic energy corrections were ap- 
plied using Barr’s method (6). The diffusion co- 
efficient of the tri-iodide ion for given experimental 
conditions was measured using diaphragm cells 
of the same form as those described previously (2). 


Results 


Kinematic viscosity of the solutions.—The kine- 
matic viscosity » was determined for all the experi- 
mental solutions, and the observed values are re- 
ported in Tables I to III. Over the range investi- 
gated, v does not vary significantly with change of 
tri-iodide concentration. 

Diffusion coefficient of the tri-iodide ion.—The 
diffusion coefficient D of the tri-iodide ion was de- 
termined for all except three of the experimental 
solutions. The values for solutions 0.75M and 1.50M 
in sucrose at 25°C were obtained, respectively, by 
interpolation and extrapolation of a plot of log D 
against log v. The value for a solution 1.0M in suc- 
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Table |. Diffusion coefficient D of tri-iodide ion and kinematic 
viscosity v for sucrose solutions at 25°C. All solutions 0.1M 


in iodide ion 
Sucrose 
concentration, 10°D, 
mole -liter-' cm?sec-! 

0 1.13 (mean) 0.874 
0.25 0.889, 0.891 1.08 
0.50 0.682, 0.686, 0.686 1.36 
0.75 — 1.79 
1.00 0.379, 0.381 2.45 
1.50 5.55 


Table it. D and v for the sucrose-free solutions at different 


temperatures 
10°D, 102y, 
Temp, °C cm*sec-! cm/sec! 
25.0 1.13 (mean) 0.874 
30.0 1.28, 1.27 0.787 
35.0 -- 0.715 
35.2 1.41, 1.42 — 
40.0 — 0.650 
40.2 1.60, 1.60 — 
45.0 — 0.595 
45.2 1.73, 1.76 —_ 


Table Ill. D and v for the 1.0M sucrose solutions at different 


temperatures 
10D, 102y, 
Temp, *C cm*sec-! cm*“sec-! 

25.0 0.380 (mean) 2.45 
30.2 0.429, 0.439 a 
30.6 — 2.11 
35.0 a 1.88 
35.4 0.535, 0.522 _ 
40.0 1.66 
41.7 0.644, 0.649 
45.0 — 1.49 


rose at 44.7°C was obtained by exi‘rapolation of a 
plot of log D against 1/T. The diffusion coefficient 
does not vary significantly with the concentration 
of the tri-iodide ion. The observed values are re- 
ported in Tables I to III. 

Limiting currents.—The limiting currents were 
obtained from plots of the current/potential curves. 
A typical set of curves is shown in Fig. 2, and it will 
be seen that determination of the limiting currents 
presents no difficulty. 

The effect of varying the tri-iodide concentration 
over the range 0.124-3.70 mM (millimolar) was 
studied at 25°C. For each concentration, the effect 
of altering the angular velocity was measured, 
usually over the range 50-200 rpm. The observed 
limiting currents are shown in Table IV. 

Next, the effect of varying the viscosity of the 
solution was studied at 25°C by adding sucrose to 
a solution 2.42 mM in tri-iodide ion. The concen- 
tration of sucrose was varied over the range 0 to 
1.50M, and for each concentration the effect of vary- 
ing the angular velocity of the disk was studied 
over the range 50-200 rpm. The observed results 
are shown in Table V. 
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Fig. 2. Cathodic current/potential curves for a solution 
2.47 *« 10° M in |, and 0.1M in I> at 25°C. Potential ex- 
pressed on decinormal silver/silver iodide scale. Apparent area 
of electrode 7.64 cm’. 


Third, the cathodic limiting currents were de- 
termined as a function of temperature over the 
range 25.0°-44.5°C for a solution 2.45 mM in tri- 
iodide ion. In each case, the angular velocity of the 
disk was varied between 50 and 200 rpm. The ob- 
served results are given in Table VI. 

Finally, the temperature coefficient was studied 
over the range 25.0°-44.7°C for 2.45 mM tri-iodide 
ion and 1.0M sucrose. Again, the effect of varying 
the angular velocity was studied at each tempera- 
ture, and the observed results are shown in Table 
VII. 

Discussion 

These results require little comment. In Tables 
IV to VII, the calculated figures are theoretical 
limiting currents (2) computed from 


where z is the number of electrons involved in the 
electrochemical process, A is the apparent area of 
the working surface (cm’), c is the bulk concentra- 


Table IV. Cathodic limiting currents (ma) for tri-iodide 
reduction in 0.1M potassium iodide solution at 25°C 


Tri-iodide concentration (millimolar) 


rpm 0.124 0.241 0.617 1.24 2.47 3.70 


44.4 obs 2.62 7.84 
calc 2.62 7.85 


50 obs 2.75 
calc 2.78 


66.7 obs 3.20 
cale 3.21 


100 obs 3.90 
cale 3.93 


133.3 obs 4.50 
cale 4.54 


200 obs 5.61 
cale 5.56 


400 obs 7.83 
cale 7.85 
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Table V. Cathodic limiting currents (ma) for tri-iodide reduction 
in 0.1M KI and 2.42 millimolar |, with added sucrose at 25°C 


Sucrose Concentration (mole-liter-') 


4.50 4 2.19 
4.50 2.24 


66.7 obs 5.20 2.59 
cale 5.20 2.58 


100 obs : 6.34 3.16 
cale 6.38 . 3.17 


133.3 obs 7.28 3.69 
calc 7.26 3.66 


200 obs 10.98 8.90 4.51 
calc 11.08 9.01 4.48 


* Tri-iodide 2.47 millimolar. 


Table Vi. Cathodic limiting currents (ma) for tri-iodide reduction 
in 0.1M KI at different temperatures 


Temp, °C 


30.0 349 398 445 
Tri-iodide conc., 
millimolar 2.46 2.45 2.45 


rpm 
50 obs 5.98 7.10 7.74 
cale 6.05 7.19 7.67 


66.7 obs ? 6.96 . 8.20 8.86 
6.99 ‘ 8.30 8.85 


100 obs : 8.50 10.00 10.86 
cale é 8.56 10.17 10.84 


133.3 obs . 9.80 11.56 12.41 
caic . 9.88 11.73 12.50 


200 obs 12.00 14.16 15.26 
cale 12.11 14.38 15.34 


Table Vil. Cathodic limiting currents (ma) for tri-iodide reduction 
in 0.1M KI and 1M sucrose at different temperatures 


Temp, °C 


25.0 306 349 


Tri-iodide conc.,, 
millimolar ‘ 2.46 2.46 


rpm 
50 obs : 2.60 2.83 
cale é 2.63 2.92 


66.7 obs y 3.00 3.30 3.80 4.05 
cale : 3.04 3.37 3.81 4.26 


100 obs , 3.70 4.00 4.60 5.00 
cale 3 3.72 4.13 4.66 5.22 


133.3 obs ‘ 4.25 4.64 5.22 5.70 
cale ¥ 4.29 4.77 5.38 6.03 


200 obs . 5.20 5.66 6.40 7.00 
cale . 5.26 5.85 6.59 7.38 


tion of the limiting solute species, namely, tri-iodide 
ion (mole liter"), D is the diffusion coefficient of 
this species (cm* sec"), v is the kinematic viscosity 
of the solution (cm’* sec"), m is the angular velocity 
of the disk (rpm) and I() is given by the equa- 
tion 


q 
1333 rpm 0 0.25 0.50 «1.00 
E 667 calc 5.54 1.17 
1.37 
4 :: 
1.05 
1.97 
5.54 
640 9.61 
7.84 11.77 
9.05 13.59 
11.08 16.65 


6 8 10 12 14 16 i8 20 
(RPM)? 


Fig. 3. Cathodic limiting currents for tri-iodide ion reduction 
in solutions 0.1M in I> at 25°C at Is concentrations, indicated 
on each line, vs. cathode angular velocity (r.p.m.) The solid 
lines are the theoretical slopes computed from equation [1 ]. 
The troken line shows the effect of correcting for electrical 
migration. 


I(x) = 0.8934 + 0.316(D/v)*” [2] 


Since the values of D and » recorded in Tables I-III 
were measured at temperatures which, in some 
cases, differed slightly from those at which the cur- 
rent/potential curves were determined, the values 
required for Eq. [1] and [2] were obtained by in- 
terpolation in plots of log D and log », respectively, 
against 1/T. 

The observed and calculated values for the limit- 
ing currents (Tables IV to VII) agree to within + 
1% in most cases. At 25°C, for 3.70 mM tri-iodide 
ion, there is some indication of the onset of electri- 
cal migration (Fig. 3). Equation [1] only holds 
when the transport number of the critical ion spe- 
cies is effectively zero. In the present case, this will 
only be true provided the ratio c,/c, is smaller than 
a critical value, c, and c, being, respectively, the 
bulk concentrations of tri-iodide ion and iodide ion. 
Since the ratio of the observed limiting current to 
that calculated from Eq. [1] must be 1/(1 + t,), 
where t, is the transport number of the tri-iodide 
ion, a migratory contribution to the transport proc- 
ess will be shown by an observed limiting current 
which is smaller than the calculated value. 

The observed results for the 3.70 mM tri-iodide 
ion support this view. The effect is small and may 
be assessed with sufficient accuracy by the follow- 
ing argument. We assume that the mobility of the 
tri-iodide ion is roughly the same as that of the 
iodide ion. Then, since the transport number of the 
iodide ion in 0.1M KI is 0.5117 at 25°C (7), t, ~ 0.51 
c,/c,. For c,/c, 0.0370, the migratory contribution 
will be of the order of 2%. The broken line in Fig. 
3 shows that this correction accounts for the ob- 
served deviation. For all other cases in the present 
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study, the correction is less than 1%, and hence 
smaller than the experimental error. 

The results shown in Table V offer a number of 
points of interest. It will be noted that there is ex- 
cellent agreement between theory and experiment 
over the wide viscosity range studied. Gregory and 
Riddiford (2) found agreement between theory and 
experiment for the range of Prandtl numbers 350- 
770. The present results extend this range to 33,000. 
The correction to Levich’s theory becomes less im- 
portant as the Prandtl number increases; it amounts 
to 3% for the sucrose-free solutions at 25°C, but is 
only 0.2% for the 1.50M sucrose solution at the 
same temperature. An important point is that natu- 
ral convection is still negligible under these condi- 
tions. Moreover, the agreement between theory and 
experiment shows that there is no edge effect, i.e., 
the diameter of the disk chosen is very much larger 
than the thickness of the transport boundary layer, 
as required by the theory. 

The poorest agreement is found for the results 
shown in Table VII, particularly the value at 
44.7°C. This is almost certainly due to an uncer- 
tainty in the value of D, obtained by extrapolation 
of the data recorded in Table III. Apart from this, 
there can be little doubt that the theory is valid 
over the extended range of experimental conditions 
reported in the present paper. 

It seems probable that the measure of agreement 
between theory and experiment could be improved 
by reducing the eccentricity of the disk and by de- 
termining D with greater precision. In a study of 
the cathodic reduction of ferricyanide ion (8), using 
precision ground shafts and taking extreme care to 
mount the disk normal to the axis of the shaft, 
limiting currents have been obtained which are re- 
producible to within +0.25%. 
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The Kinetics of the lodine Redox Process at 
Platinum Electrodes 


J. D. Newson and A. C. Riddiford 


Department of Chemistry, The University of Southampton, Southampton, England 


ABSTRACT 


Three paths for the iodine redox process at platinum electrodes are dis- 


cussed with reference to stationary current/potential curves obtained for the 
cathodic reduction of the tri-iodide ion in potassium iodide solutions. It is shown 
that the process follows the path originally proposed by Vetter, the slow 
stage being the transfer of an electron from the platinum to an adsorbed iodine 
atom, and that the degree of reversibility of the process increases as the con- 
centration ratio of tri-iodide to iodide is decreased. The apparent energy of 
activation for the over-all process is 5.3 kcal-mole™ for solutions containing only 
potassium iodide and tri-iodide. The results, and those of other workers, in- 


Comparatively little work has been published on 
the kinetics of the iodine redox process at platinum 
electrodes. Vetter (1) has commented on work pub- 
lished prior to 1952, and has studied both the anodic 
and cathodic directions using 1N sulfuric acid as 
supporting electrolyte. Using the d-c stationary cur- 
rent/potential curve method, he found the reac- 
tion to be fast such that the nature of the redox 
process was largely obscured by the transport of 
iodine to and from the electrode. For this reason, he 
turned to an a-c method (2), and, from the deter- 
mined dependence of the exchange current density 
on the concentrations of the iodide and tri-iodide 
ions, deduced a mechanism which may be symbolized 
as follows, where S denotes a surface site, the nature 
of which is to be established. 


I-+S=I-S+e [1] 
I—S + I—S = I, + 2S [2] 
L+r=lL [3] 


The electron-transfer step [1] was identified as the 
slow stage. 

Kolthoff and Jordan (3) have studied the oxida- 
tion of iodide ion at a platinum anode in solutions 
of pH 1, 4, and 8. They have reported that the proc- 
ess becomes increasingly irreversible as the pH of 
the solution increases. No mechanism was suggested 
by these authors. 

Recently, however, Jordan and Javick (4) pub- 
lished a further study of the anodic oxidation of 
iodide ion, using 0.1M perchloric acid as supporting 
electrolyte, and have postulated that the process 
occurs directly through the two-electron transfer 
step [4]. The bulk concentration of iodide ion never 
ceeded 10°M in their experiments, such that the tri- 
iodide equilibrium [step 3] could be neglected (5). 


2I- = I, + 2e [4] 


It is of interest to note that Frumkin and Tedor- 
adse (6,7), in an investigation of the reduction of 


dicate that the electrode surface is nonuniform. 


chlorine at a platinum cathode, have considered the 
mechanism 
Cl +S=Cl-S+e [5] 


Cl—S + Cl—S = Cl, + 2S [6] 


the analogue to Vetter’s mechanism, and an al- 
ternative 
cl +S=cl-S+e [7] 


Cl + Cl-S =ClL+S+e [8] 


They point out that the second mechanism is 
analogous to the mechanism for hydrogen evolution 
by electrochemical desorption of hydrogen atoms. 
Indeed, both mechanisms are closely analogous to 
the two most strongly favored mechanisms for hy- 
drogen evolution (8, 9). Frumkin and Tedoradse 
show that their results are in accord with the second 
of these two mechanisms. 

These studies present several problems of interest, 
and in discussing them it will be convenient to gen- 
eralize the mechanisms in the following way: 


Path (a) xX +S=xX-S+e [9] 
X-—S + X—S = X. + 2S [10] 

(X. + X = [11] 

Path (b) X¥+S=X-S+e [12] 
X + X-S=X%,.+S+e [13] 

(X, + [14] 

Path (c) 2X" = X, + 2e [15] 
(X, + = [16] 


where, for example, X° can represent a halide ion. 

Jordan (10) has criticized Vetter’s conclusion that 
path (a) represents the course of the iodine redox 
process on the grounds that the dissociation of iodine 
in aqueous solution, if it occurred, would be too 
small to account for the observed currents. If, as 
seems probable, the iodine atoms are adsorbed on 
the platinum surface, this objection is invalid. Vet- 
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ter’s conclusion may, however, be criticized on other 
grounds, since his results are not uniquely diagnostic 
of path (a). By varying c,, the concentration of tri- 
iodide ion, while keeping c,, the concentration of 
iodide ion, constant Vetter found the relation 


(RT/F) (0 Ini,/d = 0.78 [17] 


where i, is the observed exchange current, and 4, 
is the equilibrium potential of the electrode. Con- 
versely, he found dependence 


(RT/F) (0 In i,/d = 0.13 [18] 
and, by varying c, and c, so that 4, remained constant 
(A lni,/d = 1 [19] 


These dependences show that, whatever the 
mechanism, there is a single rate-determining step. 
Application of the general equations' for the de- 
pendence of exchange currents on the concentrations 
of species participating in the electrode process (11) 
permits the calculation of the corresponding de- 
pendences for each step in paths (a), (b), and (c). 
These are shown in Table I, wherein i,, and a,, re- 
spectively, are the exchange current and transfer 
coefficient for the j-th step. 

Since 0 = a, = 1, it is clear that Vetter’s results 
are consistent with the view that the rate-determin- 
ing step is the primary discharge process 


with a =0.78, but they do not serve to distinguish 
between paths (a) and (b). This raises the interest- 
ing point that, if (b) is the path of the iodine redox 
process, then together with Frumkin and Tedoradse’s 
work on the chlorine electrode one would expect 
the bromine electrode to follow the same course. On 
the other hand, if (a) represents the path for the 
iodine electrode, the study of the bromine electrode 
would then be a matter of considerable importance. 

The disagreement between Vetter’s conclusions 
and those of Jordan and Javick remains, however, 
to which may be added the point that the actual 
path might conceivably involve other species (e.g., 
HOI, OI), this since the results of Kolthoff and Jor- 


Table |. Dependence of exchange current on concentration C, 
of iodide and C, of tri-iodide ions for different paths 


RT 


a — 2/3 


(a) 9 ay 1 
10 2 2/3 2 
11 2 0 3 
(b) 12 Gis au— 2/3 1 
13 1 + as Ga = 1/3 2 
14 2 0 3 
(c) 15 2ais Zan — 4/3 2 
16 2 0 3 


‘In the case of the iodine redox process, these equations will be 
valid provided that 4, the fraction of the surface available for the 
discharge of iodide ions, is potential-independent. It will be shown 
that this condition is satisfied for the rotating disk cathode used in 
the present study, and it is thought to be a reasonable assumption 
for Vetter'’s investigation. 
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dan (3) have not, as yet, been explained. In this 
communication, an attempt is made to resolve these 
problems by considering the course of the process 
in neutral solution at a rotating platinum disk 
cathode. The experimental details have been given 
in the preceding paper (12). 


Mechanism of the Process 

Stationary current/potential curves were obtained 
for solutions 0.1M in potassium iodide with tri-iodide 
ion concentrations ranging from 1.24 x 10° to 3.70 
x 10°M at 25°C. The large excess of iodide ion 
served to suppress ionic migration of the tri-iodide 
ion, and to ensure that the concentration of free 
iodine was negligible at all points in the system. 
Thus the over-all electrode process is quite simply 


= I, + 2e [20] 


and the concentrations of the iodide ion and tri- 


iodide ion at the electrode surface (c, and c,, respec- 
tively) can be computed from the expressions 


= 1 — t/ijime [21] 
Cel Ce 1 — t/isim. [22] 


c, and c, being the bulk concentrations of the ions. 
The current i is reckoned negative for net cathodic 
currents, and the cathodic limiting current i,,,,.. can 
be computed from the extended Levich theory (13). 
The anodic limiting current i,,,,, is large, and can 
be computed with sufficient precision from the equa- 
tion 

= —C,/C,(1 + 2t.) [23] 


where t, is the transport number of the potassium 
ion (14). 

That, in general, the rate of the surface process 
was not very fast in comparison with the rates of 
the transport processes was shown in two ways. 
First, the data were tested against the reversible 
equation 


6, = + (RT/2F) Inc,/c, [24] 


in which 4, is the working potential of the electrode 
when it is sustaining a current i, and ¢” is the stand- 
ard electrode potential. Second, the observed initial 
slopes of the current/potential curves were com- 
pared with those computed from the expression (11) 


(86,/8i) = (RT/2KF) is, — 
[25] 


on the assumption that %»,/i,. = 0, i.e., that the ratio 
of the stoichiometric number »v, for any step in the 
mechanism of the surface process to the exchange 
current for that step i,, is negligible in comparison 
with the transport terms. Except at the lowest tri- 
iodide ion concentrations (1.24 k 10°M and 2.41 x 
10°M), linear plots were not obtained by using Eq. 
[24], and the observed values for (d¢,/di) ,.. were al- 
ways larger than the reversible value. 

At the lowest tri-iodide ion concentrations, the 
plots of 4, against log (c,/c,’) were linear, but with 
slopes greater than 0.0296 v predicted by Eq. [24]. 
The slopes are shown in Table II, but it will be con- 
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Table |!. Comparison of experimental results with Eq. [24] 
ci = 0.1M, 25°C 


Angular 


velocity, rpm Obs. slope 


0.655 
0.701 
0.764 
0.806 


C3, 
mM -liter-! 


0.241 200 
0.124 400 
0.124 200 
0.124 100 


venient to defer discussion of these observations to 
the next section, which deals with Kolthoff and 
Jordan’s observations (3). 

The data for the runs at higher tri-iodide ion con- 
centrations have been checked against the three 
mechanisms discussed in the previous section. For 
each mechanism, rate equations may be set up to cor- 
respond with rate control by each separate step, or 
by combinations of these steps. Considering path 
(a), step [9], for example, 


i/FA = k,,, exp (a,FAd,/RT 
—k,,.exp (—(1—a,)FAd,/RT)@ [26] 


where A is the area of the electrode and a, is the 
transfer coefficient for this step. Ad, denotes the 
difference 4, — 6*, where ¢* is a fixed value of the 
electrode potential which will be discussed, together 
with the anodic and cathodic rate constants (k,,, and 
k,., respectively) in the following sections.’ @, is the 
fraction of the surface area available for the dis- 
charge of iodide ions when a current i is flowing 
through the electrode, and @ is the fraction covered 
with adsorbed iodine atoms. 

If step [9] determines the observed rate, then 
from steps [10] and [11] 


6/0, = [27] 


where K,, and K,, are the respective equilibrium 
constants for these steps. From Eq. [26] and [27], at 
electrochemical equilibrium when i = 0 and 4, = 4., 
the open-circuit potential, 


= exp [28] 


Substituting Eq. [27] and [28] into [26], and re- 
arranging gives 
= (RT/(1 — a)F) In Y + ¢* 

+ (RT/(1—a,)F) In (Z/i) [29] 
where 


Y = [30] 


Z = exp (nF/RT) (c,/¢,) [31] 


» being the overpotential (= ¢, — ¢.). Provided that 
@, is potential-independent, the linearity or other- 
wise of the plot of 4, against log (Z/i) forms one test 
of whether rate control by step [9] is possible. 


2The use of concentrations in these rate equations may be de- 
fended on the grounds that the presence of a large excess of iodide 
ion ensures that the variation of the respective activity coefficients 
may be neglected. The latter may be regarded as incorporated in 
the appropriate rate and equilibrium constants. 
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Corresponding rate equations have been set up and 
tested for the other possibilities, and the results of 
these tests can be summarized as follows: 


1. The nonelectron transfer steps [10], [11], [14], 
and [16] did not give linear plots, and rate control 
by these steps may therefore be ruled out. 

2. Step [12] gave linear plots with a,=—1, and 
step [13] gave linear plots with a,, ~ 0, so that rate 
control by these steps seems improbable. 

3. Steps [9] and [15] both gave linear plots with 
Q0<a<1, and are therefore possible explanations. 

4. Tests for joint control by two steps gave non- 
linear plots in the case of paths (a) and (c), and 
linear plots with improbable values for the transfer 
coefficient in the case of path (b). 


This leaves, as possibilities, path (a) with step [9] 
rate-determining, or path (c) with control by step 
[15]. To distinguish between them, the experimental 
results were checked by Frumkin and Tedoradse’s 
procedure (6). For a set of runs with the same 
tri-iodide ion concentration but differing speeds of 
stirring, and considering a fixed overpotential suffi- 
ciently high for the anodic component to be negli- 
gible, then if step [9] is rate-determining the rela- 
tion between the current i. which flows at this over- 
potential and the corresponding stirring speed will 
be 


2 


t = — (imax /B) (i./m'*) [32] 


where i,,,. is the maximum kinetic current which 
could flow at the given overpotential, m is the angu- 
lar velocity of the disk, and B = i,,,,,./m’”. For step 
[15], on the other hand, (and, incidentally, for steps 
[12] and [13]) 


1/i, = 1/imax + [33] 


Figure 1 exemplifies the result of testing these equa- 
tions. Both give linear plots, but the value of B ob- 
tained by use of Eq. [32] is 0.41, whereas Eq. [33] 
gives the value 0.49. From the theory of the rotating 
disk system (12), and by experiment, it is known 
that the value of B in this case is 0.393. There can be 
no doubt that the observed rate is, in fact, half-order 


\/m™ 
0.04 0.06 0.08 0.10 O12 


0.34 
0.30 
0.26= 
0.22 


0.18 


0.28 030 02 034 036 038 
Fig. 1. Test of Eq. [32] and [33]. [I>] = 0.1M, [ls] = 
2.47 x 10°M, 25°C, n = — 0.07 v. 
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with respect to tri-iodide ion, thus establishing Vet- 
ter’s original mechanism (a) with rate control by 
the electron-transfer step. 

This half-order dependence means that 6, the frac- 
tion of the surface covered by adsorbed iodine atoms, 
must approximate to zero, so that if @,, the fraction 
of the surface available for discharge, is regarded as 
equal to 1—4@, then it will be independent of the 
electrode potential, as has been assumed in the above 
discussion. This point is considered in the following 
sections. 

The half-order dependence also means that paths of 
the type considered by Riietschi (15) for the hydro- 
gen evolution reaction, and exemplified for the pres- 
ent system by the scheme 


I, + 2S = 21-—S 
L¢+reL, 


[34] 
[35] 
[36] 


are inapplicable. Mechanisms involving the partici- 
pation of HOI or OF are similarly ruled out. 

The fact that equally good linear kinetic plots were 
obtained for a number of possibilities, including 
postulated rate control by step [15] in path (c), 
suggests that Jordan and Javick’s (4) method of 
testing their experimental results was not crucial. 
The excellent linearity of kinetic plots based on step 
[9], and those for steps [13] and [15] (for which 
this method of kinetic treatment is identical), are 
exemplified in Fig. 2, in which for steps [13] and 
[15], 


Z’ = exp (2Fn/RT) (c./c,) — [36a] 


From Fig. 2, it will be noted that linearity obtains 
over the range of i/i,,,,. from 0.03 to 0.88. This, to- 
gether with Fig. 1, strongly suggests that step [9] is 


LOG(Z7/i) 
06 +10 (14 «18 


22 2-6 
T T 


0.885); 


iL 1 iL. i 


20 22 24 
LOG(Z/i) 


Fig. 2. Kinetic plots for cathodic polarization: (a) as- 
suming rate control by step [9] (open circles, lower abscissae), 
(b) assuming rate control by step [13] or[15] (solid circles, 
upper abscissae). Z and Z’ are defined by Eq. [31] and 
[36a], respectively. Open-circuit potential 0.6395 v, po- 
tentials against decinormal silver/silver iodide reference elec- 
trode. 0.1M, = 2.47 10°M, 133.3 rpm, 
25°C. 
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rate-controlling over the whole range of potentials 
studied. 


Oxidation of lodide lon 


We now consider the results of Kolthoff and Jor- 
dan (3) for the anodic oxidation of iodide ion at 
25°C. They observed two stages under the conditions 
investigated, occurring over different potential 
ranges, such that two limiting currents were found. 
Attention will be confined to the first stage, corre- 
sponding to the oxidation of iodide ion to iodine. 

They found that the first stage could be expressed 
by the equation 


é, = const. + (0.0296/a) log [i/(iiim..—i)*] [37] 


where i,,,.. is the lower limiting anodic current, and 
a is a constant. An equation of this form, with a = 1, 
is readily deduced for the over-all process [4] on the 
assumption that the process is reversible. From the 
plot of 4, against log [i/(im.—i)*], they found 
slopes approximating closely to the reversible value 
for solutions of pH 1. 

For solutions of higher pH, however, their results 
gave slopes greater than 0.0296 v, or a < 1. Accord- 
ing to Kolthoff and Lingane (16), a slope greater 
than the reversible value indicates a measure of ir- 
reversibility in the electrode process, an assumption 
accepted by other workers (17). In consequence, 
Kolthoff and Jordan concluded that the anodic oxi- 
dation of iodide ion becomes increasingly irreversible 
as the pH of the solution increases. No explanation 
appears to have been found for this, nor does the 
postulate fit in readily with any of the mechanistic 
paths discussed in the previous section. 

In our view, the assumption is wrong since, irre- 
spective of the magnitude of the slope, the form of 
Eq. [37] implies reversibility. On the other hand, 
once it is accepted that the electrode process is re- 
versible under these experimental conditions, the 
following argument leads to the interesting conclu- 
sion that the electrode surface is nonuniform. 

According to Audubert (18,19) and Bonnemay 
(20, 21), nonuniformity of the surface of a solid 
electrode is sometimes shown by the sum of the 
anodic and cathodic transfer coefficients being less 
than unity when the electrode is sustaining a cur- 
rent,’ although they must sum to unity at electro- 
chemical equilibrium. Applying this concept to the 
iodine electrode process, Eq. [26] may be written 
(omitting the subscript 9) 


i/FA = k, exp (aFAd,/RT) c, 0, 
—k, exp (—AFAd./RT)@ [38] 


where a and B, respectively, are the anodic and ca- 
thodic transfer coefficients for the working electrode. 
At electrochemical equilibrium, i = 0, a = a, B= B, 
a+ $8=1 and the exchange current can he ex- 
pressed‘ 


* An alternative explanation, inapplicable in the present instance, 
is that the rate-determining step on the anodic side differs from 
the rate-determining step on the cathodic side. 


‘This implies that ka and k-, the rate constants at ¢@i = ¢* 
remain unaltered. The justification for this assumption will be 
apparent from the following sections. 


r+I-S=L+S+e 
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i, = FAk, exp (aFad,/RT) c, 8, 
FAk, exp [39] 


where 4, is the open-circuit potential. From Eq. [38] 
and [39], 


i/i, = exp [ (add, — add.) F/RT](c,/c,) 
— exp [—(fAd, — Bad.) F/RT](0/0) [40] 


At the low bulk iodide ion concentrations used by 
Kolthoff and Jordan, step [11] need not be consid- 
ered, so that if step [10] is reversible, 


6/0 = (0,/0.) [41] 


where the subscript 2 refers to molecular iodine. 
Moreover, from the Nernst equation, 


= + (RT/F) In [42] 


where 4.” is the standard potential for process [4]. 
Then if the rate of the electrode process is com- 

pletely transport-controlled, i.e., if step [9] is also 

reversible, i/i, = 0 and from Eq. [40]-[42], 


= + —¢*)/(a +B) 
+ (RT/(a+ B)F) Inc.’’/c, [43] 


which becomes of the same form as Eq. [37] as c. ap- 
proaches zero. 

The corresponding expression for the over-all 
process [20] is 


= 6* + (6’— $*)/(a + B) 


+ (RT/(a + B)F) Ine,'*/c," [44] 


In the next section it is shown that 4* ~ ¢” for this 
process, so that Eq. [44] is of the same form as [24] 
except that the slope is RT/(a + 8)F. On this argu- 
ment, the figures shown in the last column of Table II 
correspond to the sum a + 8. Thus it would appear 
that the electrode process becomes increasingly re- 
versible as the ratio c,/c, is decreased, a conclusion 
which is supported by the discussion of the exchange 
currents in the last section, and which fits Kolthoff 
and Jordan’s results (3). The nonuniformity of the 
surface is also discussed in the last section of this 
paper. 


Analysis of the Current/Potential Curves 
For the irreversible cathodic runs, values of 1 — a, 
the transfer coefficient for the reduction of adsorbed 
iodine atoms, can be obtained from the slopes of the 
experimental plots of Eq. [29] and are reported in 
Tables III to VI. Examination of these values reveals 


Table III. Values of (1 — a») for the nonviscous runs at 25°C 
= 0.1M 


Ca. 
mM. -liter-' 200 


3.70 0.392 


2.47 0.471 
0.493 


1.24 0.602 
0.617 0.670 
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Table IV. Values of (1 — ay) for the viscous runs at 25°C 


ci = 0.1M, cs = 2.42 x 10-°M 


Sucrose conc, rpm 
mole-liter-! 100 200 


0.25 ‘ 0.522 
0.50 0.538 
0.75 0.524 
1.00 0.554 
1.50 0.519 


0.445 
0.452 
0.440 
0.488 
0.455 


Table V. Values of (1 — a») for the nonviscous runs at higher 
temperatures 


c: = 0.1M, cs = 2.46 x 10-°M 


200 


0.483, 0.480 
0.496, 0.485 
0.493, 0.465 


Table VI. Values of (1 — a») for solutions 1.0M in sucrose at 
higher temperatures 


c; = 0.1M, cs = 2.45 x 10-°M, 200 rpm 


that the transfer coefficient is insensitive to changes 
in temperature and viscosity. On the other hand, 
1 — a shows a marked dependence on the bulk con- 
centration of tri-iodide ion, on the bulk concentra- 
tion of iodide ion, and on the rate of stirring. 


The most probable explanation of these unusual 
observations is that Eq. [29] was derived by assum- 
ing that the electrode surface was uniform, i.e., that 
the anodic and cathodic transfer coefficients summed 
to unity. As discussed in the preceding section, how- 
ever, there are good reasons for setting this as- 
sumption aside. A most informative way of freeing 
Eq. [29] from this assumption lies in the computation 
of the term Y on the right-hand side. If constant, Y 
can be obtained by the following extrapolation pro- 
cedure. 

Y should be constant for any series of runs in 
which the temperature and the ratio c,/c, are main- 
tained constant. If, in such a series, the linear plot 
from Eq. [29] is extrapolated back to log (Z/i) = 0, 
the resulting values for the observed potential ¢,., 
should vary linearly with 1/(1 — a) 


= (RT/(1 —a,)F) In Y + [45] 


From the slope of this plot, Ak,,.0@,(KwK.:)~” can be 
evaluated, and the constancy of this composite term 
for different series of runs (i.e., differing c,/c,) at 
the same temperature then affords a check of the 
validity of the arguments developed in the preceding 


rpm 
30.0 0.533 0.523 
34.9 0.572 0.524 
39.8 0.567 0.535 
39.6* 0.972 
ae 
* = 1.0M. 
Temp, °C 1 — 
30.6 0.461 
34.9 0.493 
39.9 0.480 
pe 
400 
ing 
pene | 
0.650 
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Fig. 3. Test of Eq. [45] at 25°C. [I>] = 0.1M, [Is] as 
shown on plots, potentials expressed on decinormal silver /sil- 
ver iodide scale. 


sections. Moreover, the plot offers a means for deter- 
mining the characteristic potential 4”. 

For the purpose of this’ check, the most extensive 
data are provided by the nonviscous runs at 25°C 
(see Table III). Figure 3 shows the plot of Eq. [45] 
for three series of runs taken from Table III. The 
slopes differ for each series. Nevertheless the values 
obtained for Ak, and for are satis- 
factorily constant, as will be seen from Table VII. 
The area of the electrode has been left in this com- 
posite term since the actual surface area of the 
working disk electrode is not known. The constancy 
of the term confirms that @, is potential-independent. 

The mean value obtained for ¢* from these series 
is +0.626 v on the decinormal silver/silver iodide 
scale, or +0.540 v on the hydrogen scale. This is very 
close to the value of the standard potential for the 
tri-iodide/iodide redox electrode (22), +0.535 v, 
and can be identified as the value of the potential for 
which the free energy of activation is the same for 
the anodic and cathodic directions. It follows (23-25) 
that the standard entropy change for the rate-deter- 
mining step is very small, ca. 0.4 e.u., in conformity 
with the view that the slow stage in the process is 
electron-transfer between the platinum surface and 
an adsorbed iodide ion or iodine atom. 


The Rate Constants 


Values for the composite term Ak,.6,(K.K,,)“” 
obtained from three series of nonviscous runs at 
25°C have been reported in Table VII. Under the 
other experimental conditions investigated (12) 
there are fewer members to each series of runs, and 
consequently there is more uncertainty attached to 
the values of 4* obtained by extrapolation. Where 
extrapolation is possible, however, the values so 
obtained suggest that 4* is practically constant. 

This is to be expected if the rate-determining step 
is, in fact, electron transfer to an adsorbed iodine 
atom. The variation in the potential of the decinor- 
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mal silver/silver iodide electrode amounts to no 
more than 3 mv over the temperature range studied 
(26), and for the runs in which the viscosity of the 
solution was altered by adding sucrose it would seem 
that the liquid/liquid junction potential between the 
solution and the reference electrode is small. For 
these reasons, a constant value of ¢* = 0.626 v on 
the silver/silver iodide reference scale has been 
assumed for all the remaining runs. Values of the 
composite rate constant have been computed from 
Eq. [45], and the mean values are reported in 
Tables VIII to X. 


Table Vil. Check of Eq. [45] 


©; = 0.1M, 25°C. Potentials vs. decinormal silver/silver 
iodide reference electrode. 


Cs, Ake, c#o (KwKu)~'/, 
mM. -liter-' rpm Vv mole/sec-* Vv 


200 0.277 
- 133.3 0.315 2.63 x 107 0.626 
10 100 0.334 


2.47 133.3 0.350 2.52 x 107 0.626 
100 0.362 
66.7 0.375 
400 0.346 
200 0.371 

1.24 133.3 0.389 2.63 x 10° 0.627 
100 0.408 
66.7 0.420 


Table VIII. Composite rate constants for viscous runs at 25°C 
cr = 0.1M, cs = 2.42 x 10-°M 


Sucrose conc, Aky. (KwKu)-/2 


mole -liter-' mole/sec-' € 
0.25 1.86 x 10° 76.7 
0.50 1.51 x 10° 74.7 
0.75 1.20 x 10° 72.7 
1.00 8.1 x 10° 70.8 
1.50 4.1 x 10° 66.8 


Table 1X. Composite rate constants for the nonviscous runs at 
higher temperatures 


= 0.1M, cs = 2.46 x 10-*M 


Ake, (KioKus) 
Temp, mole-sec-' 


Ako, 


Table X. Composite rate constants for solutions 1.0M in sucrose 
at higher temperatures 


c; = 0.1M, cz = 2.45 x 10-°M 


Ake, 
Temp, °C mole-sec-! 


0.40 

0.38 
S 
So34 
~\+t 
0.28 3 
| 
66.7 0.369 
200 0.336 
7 
| 
a 30.0 3.10 x 10° 2.58 x 10" 
34.5 3.57 x 10° 2.85 x 
| 39.6 3.98 x 10° 3.03 x 10 | 
30.6 9.5 x 10° ; 

34.9 1.2 x 10° 
39.9 1.0 x 10° | 
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At 25°C, the value of K,, is 7.68 x 10° cm’ mole" 


(27) so that from Table VII Ak,,..@,/K,'” = 2.27 
x 10° mole’ cm** sec’. The corresponding values 
for the nonviscous runs at higher temperatures are 
shown in Table IX. Lack of knowledge of the actual 
surface area A, of @, and of K,, prevent the detailed 
analysis of the composite rate constant. It seems 
likely, however, that A@, will not vary significantly 
with change in the experimental conditions, so that 
variation in the composite term will be mainly due 
to variation in the product k,..(K,K,,)"” or, having 
allowed for K,,, in the product k,,./K,"”. The values 
for Ak, .6.(K.K,,)"” correspond to an apparent en- 
ergy of activation of 5.3 kcal mole" for the nonvis- 
cous runs. Correcting for the known temperature co- 
efficient of K,, (27) alters this value to 3.7 kcal 
mole’. The values recorded in Table X for the runs 
in 1.0M sucrose solutions are too uncertain to permit 
the estimation of an apparent energy of activation, 
the probable reason being the uncertainty in the 
limiting currents. 

Considering the data reported in Table VIII for the 
viscous runs at 25°C, it is evident that the rate con- 
stant decreases with increasing sucrose concentra- 
tion. The third column of the table shows the bulk di- 
electric constant « of the solution (ignoring the pres- 
ence of electrolytes) computed from data listed by 
Harned and Owen (28), and it will be seen that the 
decrease in the rate constant is reflected by a de- 
crease in e. 


Exchange Currents 


If step [9] is solely rate-determining, then from 
Eq. [25], 


(0b, (RT/2F) + — ) 


[46] 


from which the exchange current may be com- 
puted. Alternatively i,., could be calculated from the 
expression 


= exp 


(—(1 — [47] 


The difference Ad, = 4, — d* is rather small for most 
of the experimental conditions, however, so that the 
values of i,,, computed from Eq. [47] are not in gen- 
eral so reliable as those computed from Eq. [46]. 
Table XI shows the comparison for two runs, and it 
will be seen that the values of i,., are close, particu- 
larly in the case when the difference Ad, amounted 
to 68 mv. This implies that the assumption that step 
[9] controls the rate of the surface process is justi- 
fied. Values computed from Eq. [46] for all the ca- 
thodic runs are collected in Tables XII-XV. 


Table X!. Exchange currents computed from Eq. [46] and [47]. 
Apparent electrode area 7.64 cm* 


C1 10%cy 
mole-liter-* 


200 0.0175 3.27 
200 0.0630 21.6 
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Table XII. Exchange currents for the non-viscous runs at 25°C 


cs, mM -liter-' (rpm) 


3.70 0.37 
2.47 : 0.30 
1.24 0.15 
0.617 0.075 
0.241 0.030 
0.124 0.020 


Table XIII. Exchange currents for the viscous runs at 25°C 
¢: = 0.1M, cs = 2.42 x 10-°M 


Sucrose cong, 


mole/liter-! Mean ig.o, ma (rpm) 


0.25 2.33 0.27 
0.50 1.99 0.26 
0.75 1.50 0.27 
1.00 1.21 0.26 
1.50 0.63 0.27 


Table XIV. Exchange currents for the nonviscous runs at 
higher temperatures 


c: = 0.1M, cs = 2.46 x 10-°M 


Temp, °C Mean is.o, ma im. (rpm) 1/2 


30.0 3.44 
34.9 3.80 
39.8 4.04 
39.6* 24.1 


= 1.0M. 


Table XV. Exchange currents for the 1.0M sucrose solutions at 
higher temperatures 


ce; = 0.1M, cs = 2.45 x 10-°M 


Temp, *C Mean ie.o, ma (rpm) 1/2 


30.6 1.31 
34.9 1.71 
39.9 1.50 


‘The exchange current density is a good criterion 
of the reversibility of an electrode process in cases 
where the surface process is so slow that the trans- 
port processes exert no influence on the observed 
rate. For faster reactions, however, a preferable cri- 
terion is that the magnitude of the limiting current 
divided by the square root of the rate of stirring 
should be much smaller than the exchange current, 
[cf. Jordan, ref. (29)] or in the present case 


| (rpm) ~ 0 [48] 


Values of this ratio are shown in Tables XII-XV. 
From Table XII, it will be seen that the process ap- 
proaches reversibility as the concentration of tri- 
iodide ion is decreased until, at concentrations below 
ca. 2.4 x 10°M, no satisfactory kinetic plots can be 
obtained. Instead, as previously discussed, the ex- 
perimental results satisfy equations of the form [44], 
as shown in Table II. This effect is shown particu- 
larly clearly by the fact that raising the concen- 
tration of iodide ion from 0.1 M to 1.0 M increases 
the exchange current from 4.04 to 24.1 ma. The 


q 
apt 
0.25 
0.25 
0.042 
ee 
0.28 
= 
0.30 
Temp,*C rpm Vv ma ma 
[46] 
0.1 3.70 25.0 3.75 
1.0 2.27 39.6 21.4 
BAR 
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ratio ism./i.(rpm)'* drops from 0.25 to 0.042. 
Apart from this concentration ratio, it will be seen 
that no other experimental factor has any appreci- 
able effect on the degree of reversibility. 

From Tables XII-XV, it is seen that i,., falls within 
the range 0.6-4.0 ma. For 1N sulfuric acid solutions, 
when the process is nearly reversible, Vetter (1, 2) 
found values of the exchange current density of the 
order 10-100 ma cm™. These figures were based on 
the apparent area of the electrode. On the same 
basis, the corresponding exchange current densities 
for the present study are 0.08-0.52 ma cm”, 
and are much lower than Vetter’s values, as would 
be expected. The difference is broadly attributable 
to a variation in the uniformity of the electrode 
surface. 

There are several possible reasons why a solid 
electrode may behave in a nonuniform fashion, but 
as yet there is little evidence in favor of one par- 
ticular explanation for any given electrode (30). In 
the case of the iodine redox process, Vetter (2) 
found it necessary to assume that only about 60% 
of the surface of his platinum electrode was effective 
for electron transfer, i.e., that the exchange current 
density was greater on certain surface sites than on 
others. In a subsequent study (31), he has shown 
that, with platinum wire electrodes which have been 
etched by cleansing in warm chromic acid, the effec- 
tive surface may be reduced to 30% of the total sur- 
face area. Llopis, Fernandez-Biarge, and Pérez-Fer- 
nandez (32) attribute these results to inactivity of 
the electrodes used by Vetter, which in turn were 
more active than those used in the present investi- 
gation. 

This inactivity may well be connected with the 
observations that oxide films may be formed on 
platinum electrodes either by anodic polarization, or 
by treatment with strong oxidants (33, 34). The 
formation by anodic polarization is dependent on the 
PH of the solution, and it would thus appear that an 
explanation of Kolthoff and Jordan’s results (3), 
and the present results, might be sought on this 
basis. In this connection, it is significant that “in- 
active” platinum electrodes show the same behavior 
as platinum electrodes which have been “poisoned” 
by the action of polysulfide solutions (32). 

A more detailed investigation of the nature of 
the surface sites responsible for the anodic and 
cathodic partial currents is, however, desirable. 
Clearly, it is not sufficient simply to regard a certain 
fraction of the surface as being inactive. The results 
are strongly suggestive of the view that the anodic 
and cathodic sites differ. 


Conclusion 

The results leave little doubt that the process fol- 
lows the path originally postulated by Vetter (2), 
with slow electron transfer to an adsorbed iodine 
atom as the rate-determining step. 

Since Frumkin and Tedoradse’s results (6, 7) in- 
dicate that the chlorine electrode process follows 
path (b), it is clear that the study of the bromine 
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electrode is a matter of some importance. This is 
now under investigation. 
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Technical Notes 


This process for the electroless deposition of pal- 
ladium and the bath employed in the process were 
first discussed in April, 1959 (1); all are now the 
subject of a patent (2). Further refinements in the 
operating procedure and in the bath formulations 
are reported here. 


Barrel Plating 


Electroless plating may be done by suspending 
specimens in the plating bath or by tumbling in a 
nonperforated barrel. It is considered that its main 
application will involve the plating of large num- 
bers of small parts, and hence we have focused our 
recent work on barrel plating. An advantage of this 
method is the self-polishing of the pieces during 
tumbling in the barrel. Operating conditions of the 
suspension and barrel methods are much the same. 

The chemical ingredients reported in the earlier 
paper (1) have been augmented and now include 
these materials: 

Solvents (aqueous): ammonium hydroxide, am- 
monium hydroxide plus ammonium chloride, ethyl- 
amine, and N-aminoethy] ethanolamine. 

Stabilizers: ammonium chloride, ammonium ni- 
trate, ammonium sulfate, acetone, disodium salt of 
EDTA (ethylenediammine-tetraacetic acid), methyl 
ethyl ketone, and 2-2’ thiodiethanol. 

Palladium is conveniently supplied as the chlor- 
ide of the soluble tetrammine amine complex and 
is added to new baths and as make-up in aqueous 
solution containing a small quantity of the solvent. 
Of the solvents ammonium hydroxide is the least 
expensive and is readily available; it has been used 
in most of our work. The stabilizer inhibits solution 
decomposition and several types of compounds per- 
form satisfactorily. On a weight basis the disodium 
salt of EDTA is more effective than the inorganic 
stabilizers or the ketones. The best stabilizer of the 
is 2-2’ thiodiethanol, but the color of the palladium 
deposits from these baths tends to be dull, perhaps 
because of the sulfide group in this compound. No 
reducer other than hydrazine has been found which 
will produce metallic deposits of palladium. 

The aim of this new work was to operate the 
barrel plating operation to achieve as high a rate 
of plating as possible without encountering spon- 
taneous decomposition of the bath during either 
plating or subsequent storage of the solution at 
room temperature. Most of the barrel plating was 
done within these limits: 


Barrel Plating by Means of Electroless Palladium 


R. N. Rhoda 


Research Laboratory, The International Nickel Company, Inc., Bayonne, New Jersey 


Palladium concentration: 2.5-20 g/l in a solution 
containing 8.0 g/l Na. EDTA and 280 g/l ammo- 
nium hydroxide 

Temperature: 25°-45°C 

Load: 100 small electrical connectors with a total 
surface area of 560 cm* 

Solution volume: 700 ml 

Rate of hydrazine additions: as 1M solution, 4-24 
ml/hr (0.1-0.8 g N.H,/hr). 


Under our experimental conditions it was deter- 
mined that at any specific palladium concentration 
and operating temperature there was a rate of hy- 
drazine addition beyond which spontaneous decom- 
position of the system might occur; these are given 
in Table I. In general at low concentrations and 
temperatures more rapid rates of hydrazine addi- 
tion are tolerated. Increasing the surface area of the 
load allows hydrazine to be added at proportionally 
higher rates. 

The plating rates were determined for a large 
number of combinations within the limitations of 
Table I. These rates increase with an increase in 
temperature; an increase of 10°C almost doubles the 
rate of reaction. These rates also increase with in- 
creasing rates of addition of hydrazine; this increase 
is small at 25° and greater at 45°C. Increasing the 
palladium concentration causes the rate of reaction 
to increase at 25°, but has little effect at 45°C. Maxi- 
mum plating rates which emerge from these various 
possibilities are low compared to attainable electro- 
deposition rates. Within the permissible addition 
rates and concentrations of Table I the plating rates 
fall into these ranges: at 25°C, 12-33 ywin./hr; at 


Table |. Maximum addition rates of reducer 


Solution volume: 700 mi 
ad: 560 cm? (100 connectors) 
Addition interval: 15 min 
Maximum addition rate 
Palladium 
concentration, M1 of IM Solution/15 
g/l Temp, °C 2/15 min min 
5 25 0.160 5 
35 0.096 3 
45 0.096 3 
10 25 0.128 4 
35 0.096 3 
45 0.096 3 
20 25 0.096 3 
35 0.064 2 
45 0.032 1 
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Substrate Form 


Aluminum Sheet 
Carbon Rods 


Gold Immersion plate 


Sheet 
Graphite Rods 
Kovar Wire 


Molybdenum Wire 


Nickel Bright plate 
Dull plate 
Sheet 
Palladium Electroplate 
Silver Plate 
Tantalum Sheet 


Titanium Sheet 


35°C, 33-78 win./hr; at 45°C, 50-95 »in./hr. The 
highest plating rates were achieved at 45°C at the 
addition rate of 0.096 g of hydrazine/15 min at a 
palladium concentration of 10 g/l. For this set of 
conditions 0.1 mil of palladium can be deposited in 
about 1% hr. 

The above rates were achieved for short periods 
of operation during which the plating solution was 
not significantly exhausted. Plating runs under 
longer operating conditions require modification in 
technique. The addition of hydrazine at a constant 
rate results in a slow increase in the ratio of excess 
hydrazine to palladium ions in the solution, and 
this leads ultimately to decomposition during the 
run or during subsequent storage of the solutions. 
Diminishing the addition rate of hydrazine with 
time has proven satisfactory and has not greatly 
changed the long-time rate of deposition. One can 
envision that any commercial application of this 
process would involve continuous make-up of the 
palladium concentration of the solution along with 
the addition of hydrazine so that the rate of reaction 
would remain constant during the entire run. 

The amount of palladium deposited by a given 
quantity of hydrazine was found to vary with the 
operating conditions. A series of plating runs at 
various temperatures was performed at a palladium 
level of 10 g/l, a load of 560 cm’ of surface, a plat- 
ing volume of 700 ml, and an addition rate of 3 ml 
of 1M hydrazine/15 min. The amount of palladium 
deposited per unit of hydrazine in short time runs 
was found to be: at 25°C, 0.059 g/ml; at 35°C, 
0.122 g/ml; at 45°C, 0.184 g/ml. These quantities 
also have been approached in long-time runs. If the 
equation 


Table II. General schemes for pretreatment of substrates for electroless palladium plating 


H.SO, + HNO, etch 
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Pretreatment 


soak 


1:1 HCl dip 
None 


N.H, soak 
1:1 HCl + PdCl, dip 
Chromic acid 


Cathodic clean, then 1:1 HCl + PdCl, dip 
Cathodic clean, then 1: 1 HCl dip 
Cathodic clean, then 1:1 HCl dip 


1:1 HCl dip 

Cathodic clean, then 1:1 HCl dip 

H.PO, 

Alkaline soak then CrCl, + HF dip (patented process) 


talyti 
2Pd (NH,),”* + N.H, + 


surface 
2Pd° + 8NH, + N, + 4H,O 


is correct this amount should theoretically be 0.213 
g/ml. 

The stability of used solutions during storage 
conditions is important in industrial applications. 
Solutions stored at room temperature appear to be 
stable if the palladium content is 0.0023M (0.25 g/l) 
in solutions containing higher concentrations of 
hydrazine, but are stable at higher concentrations 
of palladium if the hydrazine concentration is be- 
low 0.001M (0.032 g/l). Refrigeration of these plat- 
ing solutions also prevents decomposition, but this 
may not be practical on a large scale. A number of 
spent solutions have been stored, replenished with 
palladium solution, and reused without difficulty. 


Applications 
Palladium deposited by barrel plating has been 
found to be ductile, pure, and adherent on suitable 


prepared substrates. The pretreatment scheme for 
some selected substrates is given in Table II. 


Manuscript received Oct. 28, 1960; revised manuscript 
received March 7, 1961. This paper was prepared for 
delivery before the Houston Meeting, Oct. 9-13, 1960. 


Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1962 JOURNAL. 
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A number of methods are available for the elec- 
troplating of solderable metals onto aluminum (1, 
2). Recently a method of displacement plating of 
copper onto the a-phase of the aluminum-silicon 
system was reported (3). It was considered of in- 
terest, therefore, to develop a method of displace- 
ment plating copper onto “pure” aluminum. The 
designation “pure” is taken here to signify reagent 
grade purity. Since the ultimate goal of this study 
was the development of a convenient technique for 
the soldering of aluminum, no attention was given 
to the various factors considered when the plating 
is to be used as such. Thus, the entrainment of a 
fluxing material in the pores of the copper was of 
great utility. If the copper were to be used as a 
coating material, the entrained material would 
make the plating unsuitable. 


Experimental 

Materials used.—The aluminum was obtained from 
Baker and Adamson in the form of B & S gauge No. 
14 wire, and is the A.C.S. reagent grade. After plat- 
ing, the wires were “tinned” by dipping in a 200°C 
solder pot containing 60/40 Tin-Lead solder. It was 
found that no flux is necessary. Material entrained 
in the channels acts as a very efficient flux. The 
fluxing material is volatile as is shown by the evolu- 
tion of gas during the solder-dipping operation. In 
order to retain the fluxing material long enough to 
obtain proper fluxing, it was found necessary to dip 
the wires into the solder quickly. However, once the 
wire is in the liquid solder, the soldering procedure 
is quite insensitive with respect to soldering time. 
In the testing procedure the “tinned” wires were 
soldered with 62 mil 60/40 solder cored with 
“Resin-Five” flux (Kester Solder Co., Chicago, Illi- 
nois). 
Test procedure.— The “tinned” wires were soldered 
together with a % in. overlap. One end was clamped 
in a vise. The other end was connected to a 0-50 lb 
spring scale. A force was applied slowly to the scale 
with the wires parallel to the floor. The reading of 
the scale when the joint yielded or when one of the 
wires broke was recorded. The scale reading was 
used as the measure of the solder bond strength. 

Experimental results——The procedure found to 
yield the greatest bond strengths consists of the fol- 
lowing steps: 


1. Degreasing. The wires were given a prelimi- 
nary degreasing in 90°C perchloroethylene for 


1 This report is based on studies made by the investigator while 
with the Semiconductor Division of the Hoffman Electronics Corp., 
El Monte, Calif. 
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10-15 min, followed by an absolute methanol 
rinse and a deionized water rinse at room tem- 
perature; 

2. Oxide removal. The gross oxide layer was re- 
moved by a room temperature dip in a 10N 
NaOH solution for 30 sec, followed by a de- 
ionized water rinse at room temperature; 

3. “Sensitizing.” The cleaned wires were given a 
10-sec room temperature dip in 1.5 g CuCl.- 
2H.0/100 ml H.O to which two drops of con- 
centrated HCl were added to clarify the solu- 
tion; 

4. Plating. The “sensitized” wires were placed 
directly into a room temperature bath of 14 g 
CuCl,-2H,.0/100 ml cone. aqueous NH, for 10 
min; after the plating operation the wires are 
rinsed in deionized water and blown dry with 
filtered compressed air. 


The reason for the necessity of the “sensitizing” 
treatment is not known; however, it was found that, 
without it, the ammoniacal copper plating was quite 
spotty. The ammoniacal copper was found to be 
necessary since the acidified copper does not adhere 
to the wire. If CuSO, is used in piace of the CuCl, 
the plating does not adhere. The reason for the ex- 
treme difference in behavior between the sulfate 
and the chloride is not known. It is possible, how- 
ever, that there is sufficient complexing with the 
chloride ion to slow down the rate enough to re- 
duce the mossiness of the film. 

The parameters investigated were: concentration 
of sodium hydroxide, time in sodium hydroxide, 
concentration of CuCl,-2H.O for “sensitizing,” time 
in “sensitizer,” concentration of CuCl.-2H,O in con- 
centrated aqueous NH, and time in plating solution. 
The system was found to be remarkably insensitive 
to the variation of the parameters. An example of 


Table |. Variable—concentration of ammoniacal CuCl. 


Concentration of NaOH = 10N; time in NaOH = 30 sec. 
1.5 g CuCle2H:0/100 ml H:,O; time in “sensitizer” = 10 sec. 
Time in ammoniacal CuCl = 10 min. 


82 19g 12¢ 14g 16g 


Strength Did not 23 20 26 24 17 
in lb solder 23 23 25 25 18 
21 25 25 25 16 
26 25 25 24 18 
24 22 25 20 19 

23 


Avg 23+1 2342 25+0 24+1 18+1 
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this insensitivity is shown in Table I where the re- 
sults for the variation of plating time are listed. 
These data represent the extremes of the variations 
observed. 


Manuscript received Oct. 21, 1960; revised manuscript 
received Feb. 14, 1961. This paper was prepared for 
delivery before the Houston Meeting, Oct. 9-13, 1960. 
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Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1962 JOURNAL. 
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Advantage of the Impedance Change in the Stripping Cell 


Of the various methods that are in vogue for the 
measurement of thickness of electroplated coatings, 
the anodic stripping method has been given con- 
siderable attention in recent years. Electronic in- 
struments (1,2) have been devised to indicate ex- 
actly when the coating has been dissolved out, and 
the time taken for the dissolution of the coating is 
recorded automatically. 

The present note describes a novel method based 
on the fact that the stripping cell impedance is 
altered suddenly at the moment when the coating 
is dissolved out completely. This method can be 
considered as an application of the “polarization 
titration” technique of Franck (3) or what is more 


Amount of a-c ripple superimposed, 
mv, rms 150 


Solutions used (6) 
conc. HCl 


D-C electrolyzing current, ma 10 


Change in the ripple after strip- 
ping, mv, rms 150-180 


Counter readings: 


(1000 counts of 50 cps 
pulses take 20 sec) 


Average thickness: 
(a) As calculated from the ex- 


perimental results 0.226 thou 
(b) As checked from micro- 
scopic measurements 0.211 thou 


Precision obtainable* 


U. H. Narayanan, K. Sundararajan, and M. S. Kasabekar 


Central Electrochemical Research Institute, Karaikudi, India 


5% KCIO, + 0.75% 


appropriately referred to later (4, 5) as impedance 
titration. 

The principle involved is essentially the same as 
for the anodic stripping method except that a small 
alternating current of about 1.5 ma (rms) was 
superimposed over the electrolyzing current. The 
alternating voltage across the cell was adjusted to 
a value of 150 mv (rms). When the stripping was 
just over, the ripple voltage across the cell suddenly 
changes due to a change in the impedance of the 
system. The drift in the a-c voltage across the cell 
during stripping was not greater than 10 mv (rms). 
This sudden change in the a-c voltage across the 
cell was made use of in actuating a relay by means 


Cd/Ms Cr/Cu 
150 150 


5% KCIO, + 0.75% 10% NaOH + 1.0M 
conc. HCl potassium chromate 


10 8 


150-250 150-120 
2985 5418 


0.489 thou 


0.112 thou 
0.510 thou 0.105 thou 


+7% 


* The precision obtainable corresponds to a maximum deviation from the mean at 99% confidence limit. The values indicated include 
both the error in the measurement and the error due to nonuniformity in the thickness of the coatings. In the case of chromium, the 


error is mostly due to nonuniformity of the coating. 


i 

Table | 

— 
i 6481 2990 4655 iif 
6322 3012 5187 
6368 2968 5018 
6340 2984 4166 
6457 2986 4377 
6371 3007 5274 iy 
6387 3094 5410 a 
6387 3054 5423 
q 10 6447 3096 5266 Be 
11 6300 2990 4124 
12 6405 3099 5378 
4 
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woohia ole 


Fig. 1. Circuit diagram of electronic thickness measurement 
meter based on admittance change. 


of a suitable electronic circuit as shown in Fig. 1. 
The relay stopped a Dekatron Scaler which was 
started at the same time as the constant current 
was switched on. The scaler was capable of measur- 
ing time to an accuracy of 0.02 of a second. It would 
be possible to arrange to read the thickness of the 
coating directly on the counting device by feeding 
a signal of proper frequency to the scaler. An ad- 
vantage of this method lies in the fact that it in- 
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volves a-c amplification and multistage amplifica- 
tion becomes easy. 

The method and the instrument was put to test 
for chromium plating on copper base and for cad- 
mium coatings on mild steel and copper. The data 
are presented in Table I. 
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On the Theory of Electroluminescence Deterioration 


P. M. Jaffe 


Research Department, Westinghouse Electric Corporation, Bloomfield, New Jersey 


It is well known that the output of an electro- 
luminescent (EL) phosphor decreases with increas- 
ing operating time (1-4). In general, the lumines- 
cence appears to decrease in two steps, an initial 
rapid decrease followed by a slower decrease (4). 
In order to gain some understanding of the mech- 
anism involved in this deterioration, glow curves 
were measured after increasing periods of operation 
of an EL cell. Thornton (3) has also studied glow 
curves of deteriorated phosphors, but he only ex- 
amined a fresh and a well-aged phosphor. 

The phosphor studied was a ZnS:Cu,Cl powder 
phosphor having green emission and showing rel- 
atively poor maintenance of output; similar results 
were also obtained with green ZnS:Cu,Br. The phos- 
phor was incorporated in an EL cell, 5 mils thick, 
with plastic dielectric. The front electrode was tin 
oxide-coated glass and the back electrode was an 
evaporated layer of aluminum. The maintenance 
of output was measured at 4000 cps, 150 v rms. Glow 
curves were taken after field excitation (no ultra- 
violet used) at liquid nitrogen temperature, at 4000 
cps, 150 v, in order to utilize the same phosphor vol- 
ume as was involved in the maintenance determina- 
tion; the phosphors were exposed to infrared radia- 
tion at room temperature in order to empty deep 
traps prior to cooling to liquid nitrogen temperature. 
The heating rate was 10-12°C/min. 


The maintenance of this phosphor, as determined 
in a dry box having less than 5% relative humidity, 
is shown in Fig. 1. Glow curves were taken after 0, 
96, 600, and 1000 hr of operation and are shown in 
Fig. 2, curves A, B, C, and D, respectively. The glow 
curves have been normalized on the low temperature 
peak. Only the salient features will be considered 
here. 

All the curves have in common a pronounced glow 
peak located around —145°C. The zero-hour glow 


! Thornton (4) has shown that the maintenance is independent 
of humidity for a relative humidity less than 30%. 


GREEN ZnS: Cy, Ci 
4000 CPS, I5OVv 


% OF IN;TIAL OUTPUT 


10 
TIME, HOURS 


Fig. 1. Maintenance curve for a green electroluminescent 
ZnS:Cu,Cl powder phosphor. 
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Fig. 2. Glow curves of the electroluminescent ZnS:Cu, Cl 
phosphor used in this study obtained after increasing periods 
of operation corresponding to points, A, B, C, and D of Fig. 1. 


curve shows, in addition to the —145°C glow peak, 
several glow peaks (shoulders) at higher temper- 
atures. In the 96-hr glow curve the —50°C glow 
peak has increased considerably relative to the 
—145°C peak. The 600-hr glow curve shows a fur- 
ther increase in the amplitude of the —50°C peak 
(actually measured at —60°C but this shift was due 
to the use of a slightly faster heating rate) and a 
very large increase in the intensity of the + 30°C 
peak. The 1000-hr glow curve shows a further in- 
crease in the amplitude of the +30°C peak while 
there is a slight decrease in the —50°C glow peak. 

The important thing to note in these glow curves 
is that at the time when the phosphor has shown al- 
most its maximum deterioration, point B in Fig. 1, 
the +30°C peak is not very pronounced, but there 
has been a marked increase in the —50°C peak. 

Both Thornton (1, 3) and Roberts (2) have pre- 
sented theories describing the electroluminescence 
deterioration mechanism. Neither theory, however, 
seems to explain the present glow curve data. The 
following hypothesis is advanced which explains 
Thornton’s (1, 3, 4) and Robert’s (2) data as well 
as the data presented here. 

Under the influence of the applied electric field, 
the donor (halogen) is induced to diffuse away from 
its equilibrium position near the acceptor (copper) 
leaving behind in its place a sulfur vacancy, V,° or 
(V,*). [using Hoogenstraaten’s notation (5) ].* This 
sulfur vacancy gives rise to the glow peak located 
around —50°C (5). The ultimate fate of this diffus- 
ing coactivator is not known at this time. It is this 
postulated diffusion of the donor with the resultant 
trap formation which causes the initial rapid de- 

*The idea of field-induced diffusion of the coactivator has also 


been postulated by Thornton (1, 3) and by Roberts (2) but utiliz- 
ing a different mechanism from that presented here. 
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crease in light output (6). The slower component of 
the deterioration can be explained either by field- 
enhanced diffusion of oxygen into the lattice from 
the surface, eventually filling the sulfur vacancy 
left by the halide as suggested by Thornton (3),* 
and/or by the gross association of sulfur vacancies 
(7), (V.*),, where presumably n > 2. Either of these 
two hypotheses will explain the +30°C shoulder 
(peak) and is consistent with the data reported here. 

If diffusion of the coactivator is important, then 
the use of Br or I as coactivator in place of Cl should 
result in improved maintenance since, other factors 
being equal, the larger the ionic size the slower the 
diffusion rate of the coactivator. This is illustrated 
by the following two experiments: 


1. Phosphors containing the raw mix composi- 
tion 0.1 atomic % Cu, 0.3 atomic % halide (Cl, Br, 
or I) result in the sequence of improved maintenance 
of Cl (green) < Br (green) < I (blue).‘ This is in 
spite of the fact that blue electroluminescent Cl- or 
Br-coactivated phosphors have much poorer main- 
tenance than the corresponding green-emitting 
phosphors (4). This difference is not due to in- 
creased halogen retention (4) in the order Cl-Br-I 
since chemical analysis shows that the I-coactivated 
phosphor has less halide than either of the other 
two samples. 


2. If the best-maintaining green EL ZnS:Cu,Cl 
and ZnS:Cu,Br phosphors prepared in this labora- 
tory are compared, the latter phosphors are much 
better (by a factor of at least 5) in half-life; i.e., the 
time needed to reach 50% of the initial output. 

It should be mentioned that other factors influence 
the maintenance of electroluminescence such as the 
presence of moisture (4, 8), particle size (4), etc. 
It is felt, however, that anion diffusion is one of 
the major factors in deterioration. 
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* Hoogenstraaten (5) has correlated this peak (actually at 45°C 
in his paper) with the presence of oxygen. 


*Green EL ZnS:Cu,I apparently cannot be made, at least with 
normal methods of preparation. 
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The Use of Thermoelectric Effects during Crystal Growth 


J. R. O'Connor’ 


Electronic Material Sciences Laboratory, Air Force Cambridge Research Laboratories, 
L. G. Hanscom Field, Bedford, Massachusetts 


At a solid-liquid interface Peltier heat J a T,, is 
either absorbed or evolved on the passage of a cur- 
rent density + J. The quantity a is the difference 
between the absolute Seebeck coefficient of the solid 
and liquid phases at their melting point T,,. Ioffe 
(1) has suggested the use of Peltier cooling for an 
isothermal crystallization process and Pfann et al. 
(2) have used the effect to produce p-n junctions 
in Ge. This paper will consider only the use of Pel- 
tier cooling to increase the steady-state rate of crys- 
tallization V cm’ sec” of a semiconductor growing 
from a melt. The rate V is given by V = Af where 
A cm?’ is the cross-section area and f cm sec™ is a 
linear growth rate. There are two specific areas 
where Peltier effects could be helpful: (a) for ther- 
moelectric materials of low thermal conductivity k 
it is desirable to grow as large a crystal as possible 
for a given low growth rate, i.e., the increase in V is 
given by AV = f AA; and (b) for the growth of films 
and dendrites (3) it is necessary to be able to pro- 
duce large growth rates. In this case AV is given by 
A Af. 

Thermoelectric Effects 


Consider the experimental apparatus of Fig. 1. 
A horizontal boat of length S + L contains a solid in 
contact with its melt at x = 0. A heat source at 
x — L and a sink at x = S provide the constant 
temperatures T, and T,, respectively. These contacts 
also allow a d-c current JA to be passed through the 


! Present address: M.I.T. Lincoln Laboratory, Lexington, Mass. 


TEMPERATURE (°C) 


! 
| 


| 
| 
x 


+ a 


pistance (cm) 


Fig. 1. Schematic diagram of the solid-liquid system. The 
G’s are the themal gradients for J=0. For J>0 the G”s 
change to the G’s. 


interface. For J = 0, the interface is assumed to 
be stationary at x = 0 and the net heat flux across 
the interface is zero. That is 


G. — = 0 [1] 


where G is a thermal gradient at the interface and 
the subscripts s, 1, and m refer to solid, liquid, and 
melting point, respectively. For J > 0, the gradients 
in both the solid and liquid will change so as to 
satisfy Domenicali’s equation (4) for a homogeneous 
material. 


[2] 
A solution (5) to Eq. [2] for the solid phase is 


k..m(G’, —G,.) = + <1, > AT, — < p, > 
[3] 


where G’, is the new thermal gradient, p, is the re- 
sistivity, r, is the Thomson coefficient, N, and N, 
represent the fraction of Joule and Thomson heats 
flowing into the interface and AT, = T,, — T,. 

Each term of Eq. [3] is expressed in watts cm™. 
Values for N,; and N,; can be computed from 


1—Ny+= F(T)dT dT/aT, F(T)dT [4] 


where: F(T) = p,.(T) k.(T) for N;; and, F(T) = 
7.(T) for N;y. Values for N,, for various functions 
F(T) are plotted against t =T,./T, in Fig. 2. 

The current JA will move the interface to a new 


| 


| F(T) = 


9-3) 


Fig. 2. Values of N; and Ny for various temperature dis- 
tributions F(T) are plotted as a function of t = Tm/Ts. The 
quantity n is a constant that appears in the expression p,(T) 
= ps.m (Tm/T)". The expressions for Ny; and Nr are only 
valid for values of t such that T, is greater than the intrinsic 
conduction temperature. The curves were plotted using a value 
of n = 3. 
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equilibrium position —2x,, which is defined by k, ,, G’, 

k, » G’, = —JaT,, or allow the solid to be with- 
drawn at an increased rate Af’. It is assumed that the 
melt is replenished at x —L so as to fix the inter- 
face at x 0. The increase in the growth rate is 
given by 


Af = J[aT,. —J(Ni <p. >S+ %p,L) 


+N, > AT.]/jdH [5] 


where d g cm” is the density of the solid (at T 
T,,), H cal g” is the latent heat and j =4.184 converts 
calories to joules. In deriving Eq. [5] it has been 
assumed that: (a) the properties of the liquid are 
metallic so that <p,> pr, 7 Tda,/dT ~ 0 and 
N, 4%; (b) the heat carried by the moving inter- 
face is negligible: (c) the boundary conditions of 
Eq. [1] are not changed; and, [d] the Thomson, Pel- 
tier, and Joule heats remain uncoupled. Equation 
15] can be differentiated to yield an optimum cur- 
rent density J, given by 


aT, + Nr<+1,> AT, 


J. [6] 
2N,<p.>S+ 


This current density will produce a maximum 
change in the growth rate, given by 


A = Jo (Ns <p.> S + % p,L)/jdH [7] 


Values of the material parameters that appear in Eq. 
[6] and [7] are given for some semiconductors in 
Table I. The thermoelectric properties of the III-V 
materials were computed from the data of Blum 
(6, 7). 


Effect of Thermal Conductivity on Peltier Cooling 


The temperature distribution in the solid as well 
as values for N, and <p,> will depend on the tem- 
perature dependence of k,. For most semiconductors 
above the intrinsic temperature k,(T) can be ex- 
pressed by k,(T) (k.)on + (ky) A/T + BT. 
The temperature distribution in the solid, for a given 
set of boundary conditions, will depend on the rel- 
ative magnitudes of A and B. Three limiting cases 
exist namely: (a) k,(T) ~ T°; (b) k.(T) ~ T; and, 
(c) k.(T) #f(T). For each of these cases an analytic 
expression can be obtained for the product N,; <p,> 
by using Eq. [4] and the expression S <p.> 


* Note that if the interface had been mov ing at a constant rate 
fo for s 0 the rate is now given by f fe f. 
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Fig. 3. Functions Afma, and J. vs. t are plotted using the 
material constants of Ge. A maximum in the current density 
occurs at t 1.3. The quantity Afms. S is a maximum at t 

2.4. For Ge and a value of S$ 2 cm this value of t is 
equivalent to a large thermal gradient of ~ 350° cm™. 


p(x) dx p.(T)(dx/dT)dT. For the case 


k.(T) constant the product N, <p,> is simply 
p.» t/2. For either of the other two cases N; <p,> 
does not differ from this value by more than 4% 
(for t = 2). Physically the situation is as follows: 
a large therma) gradient in the solid increases Joule 
heating, but allows a smaller fraction of this heat 
to return to the interface. A small thermal gradient 
does just the opposite. 

For most materials 7.(T) ~ T" and the relation 
tT, = t.mTm/T is valid. The factor N; <7, > AT, is 
equivalent to +,,,(1—Int)/t—1) which is inde- 
pendent of k,. Equations [6] and [7] are, therefore, 
not dependent on the temperature dependence of k.,. 
These equations are plotted as a function of t in Fig. 
3. The function J,S is a maximum when t satisfies the 
expression 


[In (2t —1) — (t—1) ]J/(t—1)? = 1 + 


For large r..,, the ratio a/r,,. > 0 so that t is ~ 2, i.e., 
it is desirable to use a large temperature gradient 
equal to T./S in order to use the maximum current 
density. As r,,, decreases the optimum value of t 
decreases. For Ge a/r,,, ~ 1/3 and J,S is a maximum 
att = 1+ 1/3. 


Table |. Properties of some semiconductors at the melting point’ 


p«.m 104, pi «104, a 10, Ta.m X 10, Jo Afmax, 
Tm, *K d, gcm-* H, cal ohm-cm ohm-cm v deg-' v deg-' amp cm cm sec~' 
Si 1693 2.3 336 3300 165 58 170 17 3 x 10° 
(1.1 em/hr) 
| Ge 1209 5.3 98 1200 63 70 210 40 ix ie 
(3.6 em/hr) 
GaSb 993 7.0 63 5209 25 30 130 4 4x 10° 
(0.1 cm/hr) 
InSb 796 5.8 51 410 102 235 125 195 16 x 10° 
(58 cm/hr) 
' The values of J, and Afmax were computed using the following values: N, Nr %4%;S=L 2 cm; and AT. = 200°K. 
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Fig. 4. Maximum growth rate of Ge due to Peltier effects 
is plotted as a function of distance S from the interface for 
various thermal gradients. Curves are plotted using the data 
of Fig. 3. The experimental points are the averages of at least 
three sets of data and should lie on the curve AT./S 100° 


cm”. 


Experimental Procedure 


Several Ge crystals were grown from the melt 
by the Czochralski method under the following con- 
ditions: a Cu plated <111> seed was held in a Mo 
holder and rotated at 30 rpm; the linear growth rate 
was maintained constant at f, = 0.1 cm hr”; the ini- 
tial steady-state cross-section area of the crystals 
was ~0.8 cm’; and a large melt was contained in a 
graphite crucible. The vertical temperature gradient 
in the growing ingot was ~100° cm”. The Mo seed 
holder was rotated in a Hg contact so that a d-c cur- 
rent J.A could be passed through the solid-liquid 
interface. This current would be maintained until the 
area reached a new steady-state value. At this point 
the d-c voltage E was removed and the ingot re- 
turned to thermal equilibrium (with J = 0). This 
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process would be repeated several times using a 
value of J, from Fig. 3. After the ingot was removed — 
from the furnace the area changes AA were meas- 
ured and values of Af,,,. were computed from the re- 
lation Afm.x = f,AA/A. Average values of Afn,x vs. S 
are plotted in Fig. 4. These values should lie on the 
curve for AT./S = 100° cm”. Plots of Af... vs. S are 
also shown for AT,/S = 200° and 300° cm”. 


Discussion 

The agreement between theory and experiment 
for Af. vs. S is satisfactory for large values of S. 
For small values of S the experimental values of 
Afma are low. This may be due in part to Joule 
and/or Peltier heating at the interface between the 
seed and its holder. 

The effect of steady-state Peltier cooling for a ma- 
terial like Ge is quite small. This is due primarily to 
the low value of a/dH. Table I, however, shows that 
this ratio is high for some compounds, e.g., InSb. For 
these materials Peltier effects can be appreciable and 
may prove useful for various methods of crystal 
growth. 

For any material Fig. 3 and 4 show that in order 
to obtain appreciable Peltier cooling it is necessary 
to keep S small and AT, as large as possible. How- 
ever, this requires a cooled, ohmic contact to be 
maintained near the interface. This contact will in 
general limit the efficiency of the process. 
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Brief Communication 


This communication describes a method for the 
preparation of degenerate p-type GaAs using ger- 
manium as the dopant. Tunnel diodes fabricated 
from this material exhibit electrical characteristics 
identical to those fabricated from Zn-doped mate- 
rial. 


Recent work (1-4) has indicated that group IV 
elements have an amphoteric electrical behavior in 
III-V compounds. For example, germanium will 
act as either a donor or an acceptor in GaAs de- 
pending on whether it occupies, respectively, a 
gallium or an arsenic site in the lattice. The net 
electrical activity of the germanium will be deter- 
mined by the fraction of germanium atoms at each 
of the two sites. The fraction of donors will be in- 
creased by any growth condition which maximizes 
the ratio gallium vacancies/arsenic vacancies. The 
fraction of acceptors will be increased similarly by 
a condition which minimizes this ratio. It is a rela- 
tively simple matter to minimize this ratio by grow- 
ing GaAs from a gallium-rich solution, thereby 
forcing Ge to be predominantly an acceptor. 

In our experiments, small crystals of GaAs were 
grown by cooling melts consisting of 90 parts (by 
weight) gallium, 6 parts arsenic, and from 3 to 15 
parts germanium. The question as to the optimum 
proportions of the elements was not explored, nor 
were attempts made to produce large single crystal 
ingots. The GaAs grows in the form of platelets, 
approximately 4 mm on a side, with exceptionally 
flat faces. The platelets are separated from the gal- 
lium matrix by boiling in dilute HNO,. 

The tunnel diodes were fabricated using a gold 
plated Kovar tab for the base contact and a tin- 
tellurium pellet for the junction. Table I shows 
some representative parameters for the best diodes 
which have been prepared. Table II shows the de- 
pendence of the peak current densities on the per 
cent germanium added to the melt. The estimated 
carrier densities for the base region are derived 
from a comparison of the observed values of peak 
current density for Ge-doped and Zn-doped diodes. 


1 Present address: Varian Associates, Palo Alto, Calif. 


* Present address: Aeronutronic Division, Ford Motor Company, 
Newport Beach, Calif. 
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Table |. Electrical characteristics for Ge-doped GaAs tunnel 
diodes with 15% Ge in the melt 


J, = 15,000 amp/cm* 


= 15:1 
V. = 1.0 Vv 
V, => 0.1 Vv 


T, = 2-3 ohms 


Table II. Dependence of peak current density on the germanium 
concentration in the melt 


¥stimated 

% Ge J», amp/cm? hole-conc. 
3 50 10°/cm’* 
8 2 x 10° 2x 10” 
15 1.5 « 10° 5 x 10” 
The small crystal size of the Ge-doped : terial 


precluded direct Hall measurement. It will be noted 
that the estimated carrier density is approximately 
proportional to the concentration of Ge in the melt. 
This may indicate both a constant segregation co- 
efficient and a constant ratio of acceptor to donor 
activity for the Ge over the concentration range 
employed. 

Because of the amphoteric behavior of germa- 
nium in GaAs, it is expected that this material 
would make an interesting starting point into an 
investigation of the observed instability in the I-V 
characteristic of GaAs tunnel diodes. Such an in- 
vestigation is in progress at this laboratory. 


Manuscript received Feb. 2, 1961. This research was 
supported by the U. S. Army Signal Corps. 


_ Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1962 JourNaAc. 
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Feature Section 


The Changing Pattern of Industrial Research 


Presidential Address* 


Ralph A. Schaefer 


Most industrial research organizations are actively 
engaged in studying natural or physical phenomena. 
These investigations are for the orderly accumulation, 
integration, and evaluation of new and old data which 
may have a pronounced influence on the economic life 
of the corporation. Research laboratories have become 
the distinguishing hallmark of progressive American 
business. Annual reports, press releases, and public 
addresses of corporation officials invariably extol the 
importance of research to the well-being of the com- 
pany. Research is, in reality, creating something that 
does not now physically exist. These research labora- 
tories are charged with the responsibility of bringing 
something into being which previously existed only in 
the minds of men. To be commercially successful, this 
something must fill a real or apparent human need, and 
desire must be pursued by the corporation that has both 
technological and distribution competence. Research 
studies in a free and competitive society have become 
synonymous with industrial stability and growth. 

Research and development activities are big business. 
In 1959, our national research and development expen- 
ditures approached 12% billion dollars, which is equiva- 
lent to approximately 2.6% of the gross national prod- 
uct. This sum is nearly tv ice the amount expended five 
years ago, and it is expected that this rate of increase 
will continue. Since there is considerable difficulty in 
separating research and development activities, because 
of their functional overlap, both are included. With 
time, it is very probable that the distinction between 
them will disappear. 

During that same interval, the employment of tech- 
nically trained personnel increased eight times faster 
than our total labor force. Although there may be in- 
dividual company exceptions concerning the effective- 
ness of research, the funds employed generally appear 
to have been well spent. 

As expected, any corporate function which has ex- 
panded rapidly will exert a significant influence on both 
the present and the future images of the corporation. 
Industrial research is no exception, for the academic 
freedom to study items arising from personal interest 
and curiosity has been replaced largely by programmed 
research. Also, this research activity is being integrated 
into the over-all business functions of industrial enter- 
prise. Thus, the individual research worker, along with 
his ideas, has tended to be lost in the total group effort. 
As a result, most organized industrial research can be 
described as “team” or “directed” research. By defini- 
tion, this type of work is an organized search for the 
solution of a well-defined technical problem without at- 
tempting to restrict the field of exploration. It is well 
established that directed research is the most economi- 


* Delivered at the Indianapolis Meeting, May 2, 1961. 


cal procedure for creating products which do not exist. 

As professional scientists and engineers, we can feel 
justifiably proud of the part that our respective techni- 
cal disciplines have played in solving the problem of 
production. The solution of this problem appears even 
more dramatic when one paints the production picture 
against the background of history, for the application 
of known physical science data to the production of use- 
ful products has moved us from an economy of scarcity, 
which existed from the beginning of time, to one of 
superabundance in less than five generations. This 
period can be conveniently divided into two parts—the 
earlier 80 years, which can be attributed to the efforts 
of the individual research worker and “wood shed” 
inventor, and the latter forty years which can be 
credited to “team” research. 


History of Organized Corporate Research 


The father of organized and directed research was 
Thomas A. Edison, who, late in the 19th century, em- 
ployed a paid staff of research workers or experi- 
menters for the specific purpose of developing new 
products. Thus, he became the first research adminis- 
trator to schedule and plan investigations to solve 
technical problems on proposed products which, when 
created, would serve a useful purpose. American indus- 
try began 30 years later to adopt the principle of plan- 
ned research as a technique to speed the flow of new 
products. Another contributing factor, which favored 
large-scale investigations, was the scarcities created by 
World War I. 

As with any social trend, the transition from one 
mode of operation to another is never complete. Thus, 
one can compare the creativity statistically on the basis 
of patents issued, from the research workers of highly 
organized industrial research laboratories to individuals, 
or small company research workers. For the period 
1940-1960, Maurice Crews, Assistant Patent Commis- 
sioner, published his findings on this comparison. His 
data showed that 60% of the most important patents 
issued during that time were on ideas from individuals 
or small organizations, which filed only 40% of the 
patent applications. Further, the Crews report pointed 
out that in the same period over-all research and devel- 
opment activities had increased 6 to 12 times, depending 
on the particular industry, while patent applications in- 
creased only 15%. On the other hand, the published 
technical literature, both original researches and review 
articles, independent of inventions or patents, was pro- 
duced principally by universities and large industrial 
research and development organizations. 

Those data show quite clearly that the size of a re- 
search organization does not, as some sociologists claim, 
automatically increase creativeness by cross-fertilization 
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of ideas within a group having various technical disci- 
plines. Perhaps this means that the old adage “Neces- 
sity is the mother of invention” is as true today as when 
it was written some 300 years ago. Certainly, the indi- 
vidual research worker observes the need to create a 
product or process more clearly because of proximity 
to the problem than does his counterpart in a large or- 
ganization, and he may act more effectively on these 
stimuli. Similarly, it is well known that under wartime 
conditions a nation can force progress because of the 
real and apparent need to win over the enemy. 

Along with the apparent loss of individual creativity 
as indicated by inventions, a number of publicized per- 
sonnel surveys have indicated that a majority of scien- 
tifically trained people in the physical sciences feel that 
management misuses their talents and misunderstands 
their needs and desires, and that they are poorly com- 
pensated, psychologically if not financially. In their 
opinion, management’s only interest is to direct research 
for the generation of profit, rather than to provide them 
with some sort of extension curricula having academic 
freedom. To fit the concept that the best research is the 
least directed, the contenders of this thinking point to 
the individual creative scientists and engineers of the 
18th and 19th centuries who made substantial technical 
contributions. While that is true, I seriously doubt that 
today we would have synthetic fibers, plastics, or atomic 
energy if the development of those products had de- 
pended on the individual efforts of purely academic 
scientists and engineers. 

An additional item of growing concern in research 
planning is the high casualty ratio of technical ideas to 
worth-while products, processes, or services. Even with 
good preliminary technical review, only one in 550 
initial ideas which pass the first screening will ever 
establish a market position and generate profits for the 
owners. On the one hand, there is continually rising 
research and development cost and on the other, de- 
creasing creativity. 


Social Implications of Technical Advances 


During the Middle Ages, it was alleged that one of 
the principal reasons for killing common criminals was 
insufficient food, shelter, and clothing to support a non- 
contributing member of society. Contrast that with to- 
day, when we have four to five million people drawing 
unemployment compensation because our economy can- 
not utilize the fruits of its labors. We have sufficient 
technical capability to produce a superabundance of the 
necessities, plus the luxuries of life, but we do not have 
an adequate understanding of the social sciences involv- 
ing human behavior and marketing to accomplish a 
more uniform distribution of our productive capacity. 
The problem appears to be one of closing the gap be- 
tween production and consumption. Our current heavy 
military expenditures tend to hide the real extent of 
this gulf. When one compares the thousands of gene- 
rations who faced continual privation and starvation 
with two or three generations enjoying plenty, it is 
understandable that this new era will require painful 
social adjustments. The beneficial effects of new prod- 
ucts will not accomplish their purpose of raising over- 
all living standards unless the physical and social sci- 
ences can solve their common problems with facts 
rather than opinions. We all desire more goods and 
services, but we don’t know how to coordinate their 
technical production with their distribution. 


Physical-Social Science Team 
As already indicated, one of the major obstacles to 
more rapid technical advancement is our limited knowl- 
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edge of human behavior. We need to develop our social 
science knowledge so that we can describe human be- 
havior in the same scientific terms we now use to de- 
scribe the behavior of an atom. Countless thousands of 
experimental observations have been made over the 
years to gain our present knowledge in physical science 
and engineering. It is sheer nonsense to expect that a 
comparable knowledge of social science and human re- 
actions to new products will be acquired more easily. 

At the present time, motivation research and market- 
ing management are developing rapidly as an important 
segment of the social science field concerned with the 
distribution aspects of production. This area of scien- 
tific study is approximately two generations behind 
those of the physical sciences. To date, most of this data, 
which can be classified as market research, has been 
concerned primarily with the techniques of amassing 
and analyzing data rather than the factors we should 
study to clarify problems in human behavior. In other 
words, the scientific method of measuring, testing, and 
evaluating data is just beginning to show up in the 
social science spectra. . 


The Product Planner 


In order to coordinate technical and marketing studies 
for maximum productivity with minimum risk, Ameri- 
can industry is giving corporate stature to the product 
planner. Corporations are rapidly approaching the time 
when merely to create new products or improve present 
ones and leave their marketing to chance is not enough 
for survival, much less for growth. Every company in 
our industrial complex must fight to maintain or im- 
prove its market position against all other contenders. 
In reality, the product planner strives to anticipate the 
impact on human behavior of a product that has not yet 
been born. He charts technical data, interprets, and at- 
tempts to predict the social acceptance of new products 
in the distribution channels, before the corporation 
commits large sums to create products, processes, or 
services which people do not choose to buy. Generally 
speaking, nontechnically trained individuals are as- 
suming leadership in directing this new industrial for- 
ward look. In most corporations, the product planner 
will be an individual trained in the social sciences or in 
liberal arts rather than in the physical sciences. 

There appears to be a mental resistance among en- 
gineering-trained individuals against developing them- 
selves for appointment to these key management posi- 
tions. If we, who are trained in the physical sciences, do 
not accept the challenge to aid in solving the distribu- 
tion problems with the same aggressive ingenuity that 
solved the production problem, then I fear that future 
research administrators will be trained in the art and 
science of distribution, rather than in the science of 
mathematics and its related fields. 

About 25 years ago, a sales representative of a large 
chemical company approached a potential customer with 
a new product. After some preliminary investigations, 
the potential customer found the product to be unsuita- 
ble because of its limited solubility in any of the com- 
mon solvents. On reporting this fact sometime later to 
the sales representative, he observed, “Well, we have 
developed a product that don’t melt, don’t dissolve, and 
don’t sell.” Now, some 20 years later, the product has 
established a market position because of those and other 
unique properties. However, I am quite sure that those 
who created and developed the product were both 
frustrated and disgusted at the time by the poor market- 
ing results obtained by their employer. Certainly, the 
chance marketing of unsuccessful new products does 
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nothing for the morale of scientists and engineers whose 
ingenuity created them. If products are well planned 
and evaluated simultaneously in both technical and 
marketing areas, so that all weaknesses are eliminated 
early in gestation, creativity will be stimulated in the 
research laboratories. To quote Alexandre Dumas, 
“Nothing succeeds like success.’ For research adminis- 
tration is similar to a general’s philosophy of battle—he 
fights to win. No scientist or engineer wants to see his 
or another’s creation fail in the market place, especially 
when the fault is not his. Scientifically trained individu- 
als coordinating the technical problems in both physical 
and social areas involving new product growth will tend 
to close the alleged gulf between the scientist and man- 
agement. Their spokesmen can understand and interpret 
both points of view. 


Technical Centers of Tomorrow 

The technical center of the next generation is not 
likely to be a mere experimental research and develop- 
ment laboratory in the sense of creating new products. 
Rather it will become the corporate intelligence and 
nerve center for product stability and growth. Product 
distribution knowledge will be the nerve center which 
will control and guide the entire research and develop- 
ment activity. Both market and production considera- 
tions will influence the technical projects as they pro- 
gress through the laboratory. Thus, marketing will 
become the sensing device responsible for direction of 
the technical centers toward products which will benefit 
the user and will be purchased at profitable price levels. 
To attain these objectives calls for extensive product 
planning, since good research is approximately 90% 
inspiration and only about 10% perspiration, or, if you 
will, 90% brain and 10% brawn. The social or human 
reactions to these new products will be evaluated at 
the beginning of the new-product cycle and will con- 
tinue to influence the product from the cradle to a suc- 
cessful product launching or the grave. With research 
costs taking an increasing bite of the corporation’s 
profits, the productivity of the laboratory will ultimately 
determine whether the corporation sustains itself and 
grows or slips backward in the competitive battle for 
survival. 
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Technical Society Contributions 

Only a small number of technical societies have re- 
cognized that both production and distribution knowl- 
edge are essential to substantial new product growth. 
Most of the technical and engineering societies have 
viewed marketing data as current events or light read- 
ing. Publications of original physical science researches 
are generally considered on a higher intellectual plane 
than social science studies. It should be remembered that 
many of our physical science articles and publications 
of 50 or 75 years ago were not up to present research 
quality standards. Scientific progress resembles that of 
individuals—we think first as children then as adults. In 
the medical field, doctors are learning that both medi- 
cine and psychology are required to maintain the phys- 
ical and mental health of their patients. Likewise, an 
industrial organization needs the knowledge of both 
physical and social scientists to provide the necessary 
information for corporate stability and product growth. 


The Electrochemical Society 

Over the years, our Society has demonstrated techni- 
cal leadership in the electrochemical field. At the pres- 
ent time, an appointed committee of the Society is 
studying the problems involved in creating and financ- 
ing a third publication. This publication would provide 
a medium for the convention papers that neither appear 
in the JOURNAL nor are compiled later in total or in 
part into monographs. It is my earnest hope that this 
publication will become a reality. 

Once this publication has been established, the Soci- 
ety should encourage the presentation at conventions, 
and subsequent publication, of papers from the distri- 
bution field as well as from the technical areas of elec- 
trochemistry. In this way, our Society will be providing 
greater educational opportunities to its members. A 
broader knowledge of these interrelationships between 
engineering and distribution will permit the more eco- 
nomical flow of new products into the channels of dis- 
tribution, where the results of our efforts are ultimately 
going to be measured. In the future, I, for one, hope that 
we, as scientists and engineers, will play an ever-in- 
creasing role in developing a more scientific approach 
to the problems of distribution. 
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FUTURE MEETINGS OF 
The Electrochemical Society 


Detroit, Mich., October 1, 2, 3, 4, and 5, 1961 
Headquarters at the Statler Hotel 

Sessions will be scheduled on 

Batteries, Corrosion (including a Symposium on Surface Structure vs. Corrosion 

Behavior), Battery—Corrosion Joint Symposium on Fused Salt Corrosion, 
Electrodeposition (including symposia on Addition Agents and on Electrodeposited 
Magnetic Films), Electronics (Semiconductors), 
Electro-Organics, and Electrothermics and 
Metallurgy 

(See August JouRNAL for complete program) 


x * * 


Los Angeles, Calif., May 6, 7, 8, 9, and 10, 1962 

Headquarters at the Statler Hilton Hotel 

Sessions probably will be scheduled on 

Electric Insulation, Electronics (including Luminescence 
and Semiconductors), Electrothermics and Metallurgy, 

Industrial Electrolytics, and Theoretical Electrochemistry 


Boston, Mass., September 16, 17, 18, 19, and 20, 1962 
Headquarters at the Statler Hilton Hotel 


* 


Pittsburgh, Pa., April 14, 15, 16, 17, and 18, 1963 
Headquarters at the Penn Sheraton Hotel 


x 


New York, N. Y., September 29, 30, and October 1, 2, and 3, 1963 
Headquarters at the New Yorker Hotel 


x * * 


Toronto, Ont., Canada, May 3, 4, 5, 6, and 7, 1964 
Headquarters at the Royal York Hotel 


Papers are now being solicited for the meeting to be held in Los Angeles, Calif., May 6-10, 
1962. Triplicate copies of each abstract (not exceeding 75 words in length) are due at Society 
Headquarters, 1860 Broadway, New York 23, N. Y., not later than December 15, 1961 in order to be 
included in the program. Please indicate on abstract for which Division’s symposium the paper is to 
be scheduled, and underline the name of the author who will present the paper. No paper will be placed 
on the program unless one of the authors, or a qualified person designated by the authors, has agreed 
to present it in person. An author who wishes his paper considered for publication in the JournNAL 


should send triplicate copies of the manuscript to the Managing Editor of the Journat, 1860 Broad- 
way, New York 23, N. Y. 


Presentation of a paper at a technical meeting of the Society does not guarantee publication in 
the JournaL. However, pled so presented become the property of The Electrochemical Society, 
and may not be published elsewhere, either in whole or in part, unless permission for release is re- 
quested of and granted by the Editor. Papers already published elsewhere, or submitted for publica- 


tion elsewhere, are not acceptable for oral presentation except on invitation by a Divisional program 
Chairman. 
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Current Affairs 


Annual Report of the Board of Directors, 
April 1, 1960—March 31, 1961 


(Presented at Society Business Meeting, Indianapolis, May 2, 1961) 


Your Board of Directors has the 
following matters of special interest 
to bring to the attention of members 
of the Society. 


Amendments to Constitution 

Our attention has been called to 
the fact that the Articles of Incor- 
poration of the Society, under the 
Membership Corporation Law of the 
State of New York, provides for the 
election of 19 members on its Board 
of Directors. For the past several 
years, we have been operating under 
a Constitution providing for 18 
elected members, and an amendment 
will be submitted to our Annual 
Meeting today to provide for an in- 
crease in the number of Directors in 
order to comply with the provisions 
of our Articles of Incorporation. 


Young Author's Prize and Francis Mills 
Turner Memorial Award for 1959 

Young Author’s Prize——Dr. Franz 
A. Posey of the Oak Ridge National 
Laboratory, Oak Ridge, Tenn., was 
awarded the Young Author’s Prize 
for 1959 for his paper entitled “Ki- 
netic Studies on Corrosion Systems, 
I. Polyelectrodes under Activation 
Control” which appeared in the July 
1959 issue of the JOURNAL. 

Turner Memorial Award.—Dr. 
Robert G. Carlson, General Electric 
Co., Evendale, Ohio, was awarded 
the Francis Mills Turner Memorial 
Award for 1959 for his paper entitled 
“Tungsten Zone Melting by Electron 
Bombardment” which appeared in 
the January 1959 issue of the Jour- 
NAL. 

Honorable Mention.—Mr. Donald 
M. Smyth, Sprague Electric Co., 
North Adams, Mass., received Honor- 
able Mention for 1959 for his paper 
“The Silver/Silver Chloride/Chlo- 
rine Solid Electrolytic Cell” which 
appeared in the August 1959 issue of 
the JOURNAL. 

The winners of these Awards for 
1960 will be announced at our Ban- 
quet this evening. [Further details 


will appear in the August 1961 Jour- 
NAL. } 


Assistance Awards for 1961] 

On recommendation of the Honors 
and Awards Committee, the Board of 
Directors approved of three Summer 
Assistance Awards for the period 
June-September 1961 to a fellow or 
teaching assistant pursuing work be- 
tween a degree of B.S. and Ph.D. on 
a subject in the field of interest to 
The Electrochemical Society. These 
Awards are intended to cover a 
period for which the recipients have 
no financial support. [The recipients 
of the Assistance Awards for 1961 
will be announced in the August 1961 
JOURNAL. | 


Society Finances 

Special action was taken during 
the past year to augment Society in- 
come in order to cope with inflation 
and to carry on the Society’s ex- 
panded program of activities and 
services to members. Active Mem- 
bership Dues were increased from 
$15.00 to $20.00; Sustaining Member- 
ship Dues from $100.00 to $135.00; 
Nonmember Journal Subscription 
from $18.00 to $24.00; and Guest Reg- 
istration Fee to our National Meet- 
ings from $13.00 to $20.00. It will be 
noted that all concerned have shared 
in these increases of an equitable 
basis. These are our principal sources 
of income. 


Colin Garfield Fink Fellowship 

Your Board of Directors is pleased 
to announce the acceptance of the 
contribution of $1000.00 from Dr. 
and Mrs. Henry B. Linford for the 
establishment of the Colin Garfield 
Fink Fellowship, and desires at this 
time, on behalf of the members of 
the Society, to express to Dr. and 
Mrs. Linford its sincere appreciation 
for this generous contribution and 
the purpose for which it will be used. 
[Further details will appear in a 
later issue of the JoURNAL.] 
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Society Organizational Structure 

During the past several years, your 
Board of Directors has been increas- 
ingly concerned with improving the 
organizational structure of our So- 
ciety so as to better serve the inter- 
ests of its members. Our National 
Office is assuming increasing duties 
and responsibilities. Our Publication 
Committee at present is concerned 
with surveying areas of communica- 
tion in order to more expeditiously 
disseminate information with respect 
to latest scientific and technical de- 
velopments, and a special Technical 
Survey Committee has been ap- 
pointed to review our technical de- 
velopment. All of these projects hold 
promise for the future growth and 
development of the Society. 

Another project which the Board 
at present is considering is a review 
of the Bylaws of our various Divi- 
sions so as to bring about some de- 
gree of uniformity of procedures in 
all areas of interest. Efforts are being 
made in cooperation wtih our Divi- 
sional Officers to plan symposia two 
or three years in advance and to dis- 
seminate symposia subjects among 
all Divisions so that, in the event a 
mutuality of interest exists in a par- 
ticular subject, an opportunity will 
be available for joint sponsorship. 


National Convention Committee 

During the past year, the Board 
of Directors approved an amendment 
to the Bylaws of the Society te pro- 
vide for a permanent National Con- 
vention Committee. National Meet- 
ings of the Society are becoming 
larger and assuming such increasing 
importance that it was felt desirable 
to organize this on a National basis. 
This Committee will work in close 
relationship with our various host 
Sections, and the accumulated ex- 
perience of our National Office will 
be placed at their disposal in organ- 
izing future National Meetings of the 
Society. 


Ralph A. Schaefer, Chairman 
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It is a pleasure to review the prog- 
ress which has been made by our 
Society for the fiscal year ending 
March 31, 1961, 


Membership 
The membership of the Society is 
at an all-time high with 3333 mem- 
bers. This compares with the previ- 
ous year’s total of 3124 and shows a 
net increase of 209. 


Patron and Sustaining Membership 


Corporate support in the form of 
Sustaining Memberships showed a 
net loss of 12 during the past year. 
The business recession undoubtedly 
accounted for some of the losses, 
while others are due to withdrawal 
of concerns whose business has 
changed to the extent that they no 
longer have a major interest in elec- 
trochemical industries. 


Special Symposia 

At our Indianapolis Meeting this 
week, a special symposium on Elec- 
trochemical Measurements and In- 
strumentation is being arranged by 
our Theoretical Division and is being 
supported by a grant from the Na- 
tional Science Foundation, Six 
speakers from overseas will present 
papers and participate in this meet- 
ing. 


Journal of the Society 
The JourNAL of the Society con- 
tinues to experience a continued 
period of growth, and our budget 
for the period 1961-1962 contains an 
increased appropriation in order to 
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keep abreast of papers which have 
been cleared for publication. 


Monographs and Special Publications 


During the past year, the publica- 
tion “Surface Chemistry of Metals 
and Semiconductors” containing the 
papers presented at our Columbus 
Meeting came off the press and now 
is being distributed. Others previ- 
ously approved and now in various 
stages of production include: “Metal 
Iodides and Iodide Metals,” “Primary 
Batteries,” “Electrode Processes,” 
“Tron Ores,” “Rhenium,” “Modern 
Electroplating” (Revised Edition), 
“High-Temperature Technology” 
(Revised Edition). 

Consideration also is being given 
by the Corrosion Division and the 
Publication Committee to bringing 
the “Corrosion Handbook” up to 
date. 


Edward Goodrich Acheson Award 


On recommendation of the Honors 
and Awards Committee, Dr. Henry 
B. Linford was approved as the 1960 
recipient of the Edward Goodrich 
Acheson Gold Medal and Prize, 


Return Group Visit to the U.S.S.R. 


It will be recalled that at our Chi- 
cago Meeting in the spring of 1960 
the Society welcomed a delegation of 
scientists from the Soviet Union, in- 
cluding Professor Frumkin who was 
presented with the 1959 Palladium 
Medal Award. As a result of this 
visit, a delegation of four scientists 
from our country is at present in the 
Soviet Union on a return visit. 
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Second International Conferences 
on Passivity 


An organizing committee has been 
appointed for the Second Interna- 
tional Conference on Passivity which 
will be held in Canada in the fall of 
1962. This Conference will be spon- 
sored by our Society, the Faraday 
Society, and the Deutsche Bunsen- 
Gesellschaft. Our Society’s repre- 
sentatives on the organization com- 
mittee will be Dr. Morris Cohen, Dr. 
Norman Hackerman, and Dr. H. H. 
Uhlig. Papers presented at this Con- 
ference will be published in a spe- 
cial edition of the JOURNAL. 


National Office 

In accordance with the directives 
of our Board of Directors and the 
National Convention Committee es- 
tablished by our Board, Mr, Shan- 
non, our Executive Secretary, has 
taken on the added responsibility of 
making the necessary hotel arrange- 
ments for conventions ten years in 
advance, to assure the availability of 
suitable facilities on the desired 
dates. All this is being done with the 
cooperation and assistance of Local 
Committees. 

In closing, I would like to take this 
opportunity once again to commend 
our Executive Secretary and his staff 
for the excellent job they are doing 
at the National Office. Despite the 
fact that Mr. Shannon and his staff 
have accepted added responsibility 
during the past year, the office has 
continued to provide efficient, effec- 
tive, and considerate service to the 
membership in all its functions. 


Ivor E. Campbell, Secretary 


Manuscripts and Abstracts for Spring 1962 Meeting 


Papers are now being solicited for the Spring Meeting of the Society, to be held at the Statler Hilton Hotel in 
Los Angeles, Calif., May 6, 7, 8, 9, and 10, 1962. Technical Sessions probably will be scheduled on Electric Insula- 
tion, Electronics (including Luminescence and Semiconductors), Electrothermics and Metallurgy, Industrial 
Electrolytics, and Theoretical Electrochemistry. 

To be considered for this meeting, triplicate copies of abstracts (not exceeding 75 words in length) must be 
received at Society Headquarters, 1860 Broadway, New York 23, N. Y., not later than December 15, 1961. Please 
indicate on abstract for which Division’s symposium the paper is to be scheduled and underline the name of the 
author who will present the paper. No paper will be placed on the program unless one of the authors, or a quali- 
fied person designated by the authors, has agreed to present it in person. An author who wishes his paper con- 
sidered for publication in the JourRNAL should send triplicate copies of the manuscript to the Managing Editor of 
the JouRNAL, 1860 Broadway, New York 23, N. Y. 

Presentation of a paper at a technical meeting of the Society does not guardntee publication in the JouRNAL. 
However, all papers so presented become the property of The Electrochemical Society, and may not be pub- 
lished elsewhere, either in whole or in part, unless permission for release is requested of and granted by the 
Editor. Papers already published elsewhere, or submitted for publication elsewhere, are not acceptable for oral 
presentation except on invitation by a Divisional program Chairman. 
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CURRENT AFFAIRS 


Financial Statement of The Electrochemical Society, Inc. 


Statement of Income and Expenses 
April 1, 1960-March 31, 1961 


Budget 
1960-1961 
adjusted 


Income 


General Fund 

Membership Dues 

Patron and Sustaining 
Memberships 

Reprints 

Nonmember Journal 
Subscriptions 

Office Sale Journal 
and Publications 

Advertising 

Bound Volumes 

Conventions 

Interest Earned on 
General Funds 


$ 45,000 


22,000 
5,000 


24,000 
500 
15,000 
3,000 
9,000 


750 


General 
Fund 


$ 56,125.04 


23,840.00 
6,790.47 


37,786.73 


2,165.60 
10,070.76 


943.71 


$124,250 

Society Reserve Fund 
Nonmember Journal 

Subscriptions 
Nonmember Convention 

Registrations 
Monograph Royalties 
Income from 

Investments 


$ 4,800 
3,000 


Expenses 


Print and Mail Journal 
Salaries 
Rent 
Postage, Supplies, 
and Miscellaneous 
Bound Volumes 
Local Sections and 
Divisions 
Membership Directory 
Young Author’s Prize 
New York 
Office Travel 
Presidential 
Office Fund 
Conventions: 
Program Booklets 
Materials, Supplies, 
Postage 


$ 55,000 
57,400 


$149,791.30 


$ 54,161.08 
57,058.18 
5,400.00 


9,406.08 
3,305.97 


1,119.50 
1,101.00 
100.00 
3,277.53 
49.90 
1,542.40 


2,054.53 


$141,400 
Contingency Fund—1% 
1,200 


Estimated Income 
$142,600 


Special Appropriation 
Joint Symposium 
Chicago Meeting 500 
$ 13,100 
Excess Income 
Over Expenses 
General Fund 
Income Credited 
to Society 
Reserve Fund 


—18,350 


13,100 


$138,576.17 


$ 11,215.13 


15,533.94 


Excess Income 


Over Expenses —5,250 


Capital Investments from 
General Fund Surplus 
New Office Equipment 
(Cumulative) 
New Mailing 
Plate Machine 


$ 26,749.07 


$ 5,198.70 


2,928.00 
2,549.82 


5,217.42 
$15,893.94 


360.00 
$15,533.94 


Cash 


Balance Sheet at March 31, 1961 
Statement of Assets 


Chemical Bank New York 
Trust Company 
Electronics Division Mono- 
graph Fund $ 
Corrosion Division Mono- 
graph Fund 
Electrodeposition Division 
Monograph Fund 
Electrothermics & Metallurgy 
Monograph Fund 
Theoretical Division Mono- 
graph Fund 
New Capital 315.98 
Colin Garfield Fink Fellow- 
ship Fund ; 273.75 
Consolidated Fellowship 
Fund 832.23 
Society Reserve Fund 11,523.32 
General Fund 5,913.79 


$ 26,046.00 
Petty Cash Fund 103.36 
U.S.A. Treasury Bills— 
General Fund 
Excelsior Savings Bank— 
General Fund 
Greenwich Savings Bank— 
General Fund 
Chase Manhattan Pank 
Savings Account— 
General Fund 
First National City Bank 
Savings Account 
General Fund 


427.29 
1,770.80 
1,600.05 
1,529.82 
1,858.97 


19,916.70 
9,362.06 
9,667.48 


9,801.57 


10,055.83 


Investments (Value 3/31/61) 


Edward Goodrich Acheson Fund 
Securities $ 38,739.01 
Savings Account 913.40 39,652.41 


F. M. Becket Memorial Award Fund 
Securities 20,926.56 
Savings. Account 1,264.39 

Consolidated Fellowship Fund 
Securities 

Colin Fink Fellowship Fund 
Securities 

Joseph W. Richards Memorial Fund 
Savings Account 

Edward Weston Fellowship Fund 
Hanover Bank 524.77 
Securities 15,670.46 

General Portfolio of Investments 
Corrosion Division: 

Corrosion 
Handbook 
Stress 
Corrosion 
Electrodeposition 
Division 1,000.00 
Electrothermics & 
Metallurgy 4,000.00 
Society Reserve 
Fund 127,118.22 


22,190.95 


45,027.36 
730.00 
829.75 


16,195.23 


19,935.88 
260.00 


152,314.10 


Other Assets 


Convention Advance 

Accounts Receivable 

Furniture and 
Fixtures ... 

Less Reserve for 
Depreciation 


1,000.00 
3,530.66 


13,117.41 
719.54 12,397.87 


Inventory 3,573.40 


$ 84,953.00 


276,939.80 


20,501.93 


$382,394.73 


Society 
Fund 
916.87 
11,152.12 
= 
= 
| 
“4 
$ 13,600 
ig 
8,000 | 2 ‘ 
3,000 
1,500 
800 
100 
4,000 
2,000 
2,200 
2,000 
by 
1,800 
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Liabilities 


Accounts Payable 

Deferred Income India Section 

Overseas Subscription Payable 
(DBG and Faraday) 

Life Memberships 

Federal and State Taxes 
Withheld 


Surpluses 


Special Funds 
Edward Goodrich 


Acheson Fund 39,652.41 
F. M. Becket Me- 

morial Award 

Fund 22,190.95 
Consolidated Fel- 

lowship Fund 45,859.59 
Colin Fink Fel- 

lowship Fund 1,003.75 
Joseph W. Richards 

Memorial Fund 829.75 
Edward Weston Fel- 

lowship Fund 


16,195.23 


Division Monograph — 


Statement of Liabilities and Surpluses 


5,004.25 
90.46 


2,013.49 
2,268.21 


125,731.68 
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1,536.65 $ 10,913.06 


Value of Securities 3/31/60 


Additional Investments 

Society Reserve Fund: 
Interest and Dividend Shares 
New Purchases 


Increased Value Securities 3/31/61 


General Portfolio of Investments 


1,404.02 


11,027.36 


Corrosion 1,966.68 
Electrodeposition 600.05 
Electronics 427.29 
Electrothermics & 
Metallurgy 5,529.82 
Theoretical 1,858.97 32,382.81 
Society Reserve Fund 
Surplus 123,107.60 
Net Income 
Received 15,533.94 138,641.54 
General Fund 
Surplus 65,045.91 
New Capital 
Equipment 315.98 
65,361.89 
Less Advances: 
Electro- 
Organic 
Chem- 
istry 500.00 
Technol- 
ogy of 
Colum- 
bium 481.65 
Vacuum- 
Metal- 
lurgy 113.94 
10-Year 
Index 
(1952- 
1961) 755.79 1,851.38 
63,510.51 
Excess Income 
Over Expenses 11,215.13 74,725.64 371,481.67 
$382,394.73 


$117,888.27 


12,431.38 
21,994.45 
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Society Reserve Fund 
Equity Value in General Portfolio 3/31/60 ... $ 92,692.39 
Additional Investments 
*Interest and Dividend hares 1,404.02 
New Purchases 11,027.36 12,431.38 
Increased Value Securities 3/31/61 21,994.45 
Equity Value in General Portfolio 3/31/61 $127,118.22 
*Bank Credit Balance 3/31/60 8,420.76 
*Cash Dividends 3,813. 
*Monograph Royalties 2,549.82 
*Convention Registra- 
tion Fees 2,928.00 
*Journal Subscriptions 5,198.70 14,489.92 
22,910.68 
Less New Securities 
Purchased 11,027.36 
Less Special Sympo- 
sium Expense 360.00 11,387.36 
Bank Credit Balance 3/31/61 11,523.32 
FuND VALUE 3/31/61 $138,641.54 


*Total Income from Sources Indicated $15,893.94 


Division Monograph Funds 


Corrosion Division 


Equity Value in General Portfolio 3/31/60 $ 20,195.88 
Bank Credit Balance 

3/31/60 1,899.65 
Monograph Royalties 1,814.55 3,714.20 
Palladium Medal 

Expense 1,100.00 
Corrosion Research 

Council 743.40 
Petty Cash Advance 100.00 1,943.40 
Bank Credit Balance 3/31/61 1,770.80 
Funp VALuE 3/31/61 $ 21,966. 68 
Electrothermics and Metallurgy Division 
Equity Value in General Portfolio 3/31/60 4,000.00 
Bank Credit Balance 3/31/60 879.60 
Monograph Royalties 650.22 
Bank Credit Balance 3/31/61 1,529.82 
FuNnD VALUE 3/31/61 5, 529. 82 
Electrodeposition Division 
Equity Value in General Portfolio 3/31/60 1,000.00 
Bank Credit Balance 3/31/60 1,449.57 
Monograph Royalties 150.48 
Bank Credit Balance 3/31/61 1,600.05 
Funp VALuE 3/31/61 $ 2,600.05 


Electronics Division 


Bank Credit Balance 3/31/60 137.44 
Monograph Royalties 289.85 

Bank Credit Balance 3/31/61 $ 427.29 
Theoretical Electrochemistry Division 

Bank Credit Balance 3/31/60 1,546.20 
Monograph Royalties 312.77 


Funp Vatue 3/31/61 


$152,314.10 


Bank Credit Balance 3/31/61 $ 1,858.97 


$ 
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Special Funds 
Edward Goodrich Acheson Fund 


CURRENT AFFAIRS 


Colin Garfield Fink Fellowship Fund 
Securities Contributed December 


1960 $ 732.50 

Value Securities 3/31/60 $33,977.12 L 2.50 

New Securities Purchased 1:972.94 ess Value 3/31/61 
onmneienlineaen Value of Securities 3/31/61 $ 730.00 

7 35,950.06 Cash Donated $ 267.50 

Increased Value Securities 3/31/61 2,788.95 Dividend on Investment .. 6.25 


Value of Securities 3/31/61 
Savings Account Balance 3/31/60 
Dividends from Investments 
Interest on Savings Account 


Less Purchase Securities 1,972.94 
Acheson Award 
Expenses 2,267.26 


5,153.60 


Savings Account Balance 3/31/61 
FunpD VALuE 3/31/61 


nieiine $ 38,739.01 Bank Credit Balance 3/31/61 273.75 
1,497.49 Funp VALvE 3/31/61 $ 1,003.75 


4,240.20 Edward Weston ——- Fund 
Value Securities 3/31/60 $14,428.22 
913.40 Increased Value Securities 3/31/61 1,242.24 
$ 39,652.41 Value of Securities 3/31/61 $ 15,670.46 
— Dividends on Investments 


$ 524.77 


Consolidated Fellowship Fund Checking Account Balance 3/31/61 524.77 
Funp VALvE 3/31/61 $ 16,195.23 


Less Securities Sold 


40,370.69 
23.30 


Joseph W. Richards Memorial Fund 


40,347.39 
Increased Value Securities 3/31/61 4,679.97 Savings Account Balance 3/31 /60 $ 799.49 
Interest Accrued 30.26 
Value Securities 3/31/61 $ 45,027.36 Peet Se 
Bank Credit Balance 3/31/60 $ 250.00 Funp VALuE 3/31/61 $ 829.75 
Cash Dividends 1,225.60 
Securities Sold 23.30 


Less 1960 Assistance Award 
Bank Credit Balance 3/31/61 
Funp VALUE 3/31/61 


F. M. Becket Memorial Award Fund 


Value Securities 3/31/60 $15,297.37 
New Securities Purchased 688.00 
Increased Value Securities 3/31/61 4,941.19 
Value Securities 3/31/61 $ 20,926.56 


Savings Account Balance 3/31/60 $ a bo 


Dividends on Investments 
Interest Accrued 


Less New Securities Purchased 


Savings Account Balance 3/31/61 


1,498.90 
666.67 


832.23 
$ 45,859.59 


41.62 necessary. 
1,952.39 
688.00 
1,264.39 
$ 22,190.95 preceding year. 


Funp VALUE 3/31/61 


Certificate of Audit 


I have examined the balance sheet and statement of 
income and expenses of The Electrochemical Society, In- 
corporated, for the period April 1, 1960 to March 31, 1961. 
My examination was made in accordance with generally 
accepted auditing standards and, accordingly, included 
such tests of the accounting records as were considered 


In my opinion, the balance sheet and statement of in- 
come and expenses present fairly the financial position of 
The Electrochemical Society, Incorporated, at March 31, 
1961, in conformity with generally accepted accounting 
principles applied on a basis consistent with that of the 


(Signed) N. W. Marinelli, Auditor 


Section News 


Council of Local Sections 


At the Indianapolis Meeting of the 
Society, April 29-May 3, 1961, the 
following were elected officers of 
the Council of Local Sections for the 
year 1961-1962: 


Chairman—J. C. White (Washing- 
ton-Baltimore), 4205 Woodberry 
St., University Park, Hyattsville, 
Md.; 1-year term 

Vice-Chairman—R. F. Bechtold 
(San Francisco), 3725 Bon 


Homme Way, 
l-year term 
Secretary—S. W. wcott (Niagara 


Concord, Calif.; 


Falls), 1097-98th St., Niagara 
Falls, N. Y.; 1-year term 
Representative on Board of Direc- 
tors—A. J. Cornish (Pittsburgh), 
Westinghouse Research Labs., 
Beulah Rd., Churchill Boro., 
Pittsburgh, Pa.; 2-year term 


N. C. Cahoon (Cleveland) still has 
one year to serve of his term as 
Representative on the Board of Di- 
rectors. 


R. F. Bechtold, Secretary 


Detroit Section 


At the Annual Meeting of the De- 
troit Section on May 9, the following 
officers were elected for the 1961- 
1962 season: 


Chairman—Seward E.: Beacom, 
General Motors Corp., Research 
Labs., 12 Mile & Mound Rads., 
Warren, Mich. 

lst Vice-Chairman (Program)— 
A. Albert Johnson, Metal & 
Thermit Co., 1700 E. Nine Mile 
Rd., Ferndale, Mich. 

2nd Vice-Chairman (Membership) 
—Leland M. Morse, Dept. of 
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Electrochemistry, Central En- 
gineering Div., Chrysler Corp., 
12800 Oakland, Highland Park 
3, Mich. 
Secretary-Treasurer—Ann G. Pi- 
ken, Bendix Corp., Research Lab. 
Div., Southfield, Mich. 
Councilor—A. Edward Remick, 
Dept. of Chemistry, Wayne State 
University, Detroit, Mich. 


The term of Councilor Frank Passal, 
who was elected a year ago, extends 
through this coming year. 

The Detroit Section recently 
amended its Bylaws to add a 
new class of membership, that of 
Honorary Detroit Section Member, 
to be awarded as a recognition of 
long years of service to the Section 
and the science of electrochemistry. 


Ann G. Piken, Sec.-Treas. 


New York Metropolitan Section 


The Section’s final technical meet- 
ing of the year was held at Victor’s 
Restaurant in New York City on April 
19, 1961. Speaker of the evening was 
Richard N. Rhoda, supervisor of the 
Platinum Metals Section, Research 
Lab., International Nickel Co., Inc. 
Dr. Rhoda discussed the first success- 
ful methods for the electroless dep- 
osition of thick coatings of palladium. 

Palladium can be deposited on 
properly prepared substrates by 
chemical reduction of a complex 
palladium salt. This salt is dissolved 
in ammonium hydroxide containing 
a stabilizing agent, and a solution of 
hydrazine is used as the reducing 
agent. Deposition begins when the 
article to be plated is immersed. 
Since the process is catalytic and the 
palladium deposit is a catalyst, dep- 
osition continues until the ingredi- 
ents are exhausted or the article is 
removed. Coatings up to 2.5 mils 
thick have been produced by this 
method on geometrically complex 
surfaces. 

Dr. Rhoda discussed operating con- 
ditions for barrel plating and the 
precautions to be taken to prevent 
spontaneous decomposition of the 
bath during plating or storage. He 
also mentioned possible applications 
of the coatings in the electronic and 
chemical industries. 


J. L. Everhart 


Pacific Northwest Section 


As a result of a recent letter bal- 
lot of Pacific Northwest Section 
membership for the office of Secre- 
tary-Treasurer to fill a vacancy 
arising from the resignation of Dr. 
Lawrence Young from this post, the 


following are the current officers 
(1961-1962) of the Section: 


Chairman—Henry J. Wittrock, 
Dept of Metallurgical Research, 
Kaiser Aluminum & Chemical 
Corp., Spokane 69, Wash. 

Vice-Chairman—Glen C. Ware, 
1343 Alta Vista Dr., Corvallis, 
Ore. 


Secretary-Treasurer — John A. 
Ayres, 1419 Wright Ave., Rich- 
land, Wash. 


H. J. Wittrock, Chairman 


Pittsburgh Section 


The annual joint meeting of the 
Pittsburgh Branch of the American 
Electroplaters’ Society and the Pitts- 
burgh Section of The Electrochem- 
ical Society was held on April 12 at 
the Gateway Plaza in Pittsburgh, 
Pa. 

C. L. Faust, chief, Electrochemical 
Engineering, Battelle Memorial In- 
stitute, Columbus, spoke on “Some 
Metallurgical Aspects of Protective 
Coatings for High Temperatures.” 
Slides were used to show that the 
surface of a material was not neces- 
sarily the same as the bulk, and he 
described the effects of various 
methods of surface preparation on 
the electrodeposit placed on it. He 
pointed out that the type of plating 
bath in which the surface is coated 
will affect its performance. 

After a brief description of the 
difficulties encountered when using 
plated parts at high temperatures, 
such as the formation of brittle al- 
loys or evaporation of the bulk ma- 
terial through the coating, Dr. Faust 
reported several instances where 
preplating the surface with some 
other material prevented the un- 
desirable reactions from taking 
place. 

As an additional note of interest, 
the ECS Pittsburgh Section has par- 


Notice to Members and Subscribers 
(Re Changes of Address) 


To insure receipt of each is- 
sue of the JoURNAL, please be 
sure to give us your old address, 
as well as your new one, when 
you move. Our records are filed 
by states and cities, not by in- 
dividual names. The Post Office 
does not forward magazines. 

We should have this informa- 
tion by the 16th of the month 
to avoid delays in receipt of the 
next issue. 
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ticipated in the Buhl Planetarium 
School Science Fair this year, and 
presented a reward of $25.00 to one of 
the high school students in the Pitts- 
burgh area. The Section also makes 
an annual award of $50.00 to a grad- 
uate student engaged in electrochem- 
ical research in the Pittsburgh area. 
This year, the recipient of the award 
is E. G. Coleman of the Carnegie In- 
stitute of Technology. Mr. Coleman 
will present a résumé of his research 
at the Spring Meeting of the Pitts- 
burgh Section on May 19, at which 
time he will be presented with his 
award, 

E. J. Smith, Sec.-Treas. 


San Francisco Section 
At the March 29 meeting of the 


* San Francisco Section, in the Men’s 


Faculty Club, University of Califor- 
nia, Berkeley, Dr. Ralph Schaefer 
spoke in two capacities. As President 
of the Society, he discussed the So- 
ciety’s growth and its publications. 
As a scientist, he listed eight areas 
of future development in electro- 
chemistry, and considered in par- 
ticular the present and future ac- 
tivities in electrodeposition. 

Various problems in this field, 
such as_ unsatisfactory throwing 
power and roughness of deposit, 
have led to specific experimental 
work which he discussed. Such ex- 
periments have led to improved 
knowledge and control of relevant 
variables in the electrodeposition 
process, 


Worden Waring, Vice-Chairman 


New Members 


In May 1961, the following were 
elected to membership in The Elec- 
trochemical Society by the Admis- 
sions Committee: 


Active Members 

W. A. Albers, Jr., Research Labs., 
Bendix Corp., Southfield, Mich. 
(Electronics—Semiconductors) 

F. C. Anson, California Institute of 
Technology, Pasadena, Calif. (Bat- 
tery, Electro-Organic, Theoretical 
Electrochemistry) 

G. R. Argue, Texas Research & Elec- 
tronics; Mail add: 1606 Salem Dr., 
Richardson, Texas (Electronics— 
Semiconductors) 

K. M. Arnold, General Telephone & 
Electronics Lab., Bayside, N. Y. 
(Electronics) 

R. H. Atkinson, Westinghouse Elec- 
tric Corp.; Mail add: 62 Oakwood 
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By action of the Board of Directors 
of the Society, all prospective mem- 
bers must include first year’s dues 
with their applications for member- 
ship. 

Also, please note that, if sponsors 
sign the application form itself, 
processing can be expedited consid- 
erably. 


Court, Fanwood, N. J. (Electro- 
thermics & Metallurgy) 

S. S. Baird, Texas Instruments, Inc.; 
Mail add: 506 Lois Lane, Richard- 
son, Texas (Corrosion, Electron- 
ics—Semiconductors, Theoretical 
Electrochemistry) 

E. P. Barbaro, Westinghouse Elec- 
tric Corp.; Mail add: 15 Circle Dr., 
Delmont, Pa. (Electronics—Semi- 
conductors) 

R. D. Bedi, Metal & Thermit Corp.; 
Mail add: 21900 Blackstone, Oak 
Park 37, Mich. (Corrosion, Elec- 
trodeposition) 

Irvin Berman, U. S. Air Force Re- 
search Center-CRRCSA-1; Mail 
add: 172 Redington St., Swamp- 
scott, Mass. (Electronics—Semi- 
conductors) 

David Boies, Armour Research Foun- 
dation, Illinois Institute of Tech- 
nology; Mail add: 10605 S. Wood 
St., Chicago 43, Ill. (Battery, Cor- 
rosion) 

J .F. Brady, McDonnell Aircraft 
Corp.; Mail add: 211 W. Jewel, 
Kirkwood 22, Mo. (Electrodeposi- 
tion) 

R. A. Broker, Union Carbide Metals 
Co., Mail add: 708 Ward St., 
Devola, Marietta, Ohio (Industrial 
Electrolytic) 

M. G. Cowart, P. R. Mallory & Co., 
Inc.; Mail add: 309 S. Division St., 
Du Quoin, Ill. (Electronics) 

G. R. Dimeler, Sun Oil Co.; Mail add: 
1333 Memory Lane, West Chester, 
Pa. (Battery Theoretical Electro- 
chemistry) 

F. M. Donahue, Jr., Stanford Re- 
search Institute; Mail add: 1718-C 
Meridian Ave., South Pasadena, 
Calif. (Battery, Corrosion, Theo- 
retical Electrochemistry) 

D. A. Duffy, General Chemical Div., 
Allied Chemical Corp., P. O. Box 
70, Morristown, N. J. (Electronics) 

S. R. Faris, Socony Mobil Oil Co., 
Inc., Box 900, Dallas, Texas (Bat- 
tery, Electro-Organic) 

S. S. Fry, Fansteel Metallurgical 
Corp.; Mail add: 1648 Victoria, 
North Chicago, Ill. (Electric Insu- 
lation, Electronics—Semiconduc- 
tors) 

L. R. Griffith, California Research 
Corp.; Mail add: 852 Gelston Place, 
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El Cerrito, Calif. (Battery, Theo- 
retical Electrochemistry) 

Charles Grun, Yardney Electric 
Corp.; Mail add: 86-25 Van Wyck 
Expressway, Jamaica 35, N. Y. 
(Battery) 

E. D. Haidemenakis, R.C.A. Semi- 
conductor and Materials Div.; 
Mail add: 77 Chester Circle, New 
Brunswick, N. J. (Electronics— 
Semiconductors and Lumines- 
cence) 

M. S. Hall, Physical Research Dept., 
National Cash Register Co., Day- 
ton 9, Ohio (Electronics—Lumi- 
nescence) 

K. R. Hill, P. R. Mallory & Co., Inc., 
3029 E. Washington St., Indianapo- 
lis, Ind. (Battery, Electro-Organic, 
Theoretical Electrochemistry) 

J. F. Hinton, Leeds & Northrup Co., 
Research and Development; Mail 
add: 214 S. Jessup St., Philadel- 
phia 7, Pa. (Electronics) 

J. R. S. Johnson, Transitron Elec- 
tronic Corp.; Mail add: 213 Hum- 
phrey St., Marblehead, Mass. 
(Electric Insulation) 

P. A. Joyner, Minneapolis-Honey- 
well Regulator Co., 2754 4th Ave. 
S., Minneapolis, Minn. (Battery) 

S. W. Kessler, Jr., R.C.A.; Mail add: 
Box 305, R.D. 1, White Haven, Pa. 
(Electronics—Semiconductors) 

Mary P. King, Melpar, Inc.; Mail 


Theoretical Division 
Enlarged Abstract Booklet 
Spring 1961 


The Theoretical Electro- 
chemistry Division has avail- 
able a number of copies of the 
“Enlarged Abstract” booklet 
containing 1000-word abstracts 
of papers presented before the 
Theoretical Division symposia 
during the Indianapolis Spring 
Meeting of the Society, April 
30 to May 3, 1961. 

The booklet contains about 
100 pages and includes the ab- 
stracts of the Symposium on 
Electrochemical Instrumenta- 
tion which was sponsored by 
the National Science Founda- 
tion. Six foreign speakers par- 
ticipated at this meeting. 

The price is $2.50 per copy. 
Checks should be made payable 
to: Theoretical Division, The 
Electrochemical Society. Book- 
lets are available from: 


P. Riietschi 

Electric Storage Battery Co. 
Research Center 

Yardley, Pa. 
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add: 24 S. Old Glebe Rd., Arling- 
ton 4, Va. (Electronics—Semicon- 
ductors and Luminescence, Elec- 
trothermics & Metallurgy) 

H. W. Koren, Airborne Instruments 
Lab., Div. Cutler-Hammer; Mail 
add: 9 Cider Mill Lane, Hunting- 
ton, L. I., N. Y. (Electronics—Sem- 
iconductors) 

M. L. Loehr, Burroughs Corp., Re- 
search Center; Mail add: Stafford 
House, 5555 Wissahickon Ave., 
Philadelphia 44, Pa. (Electronics 
—Semiconductors) 

A. E. Lyall, Gulton Industries, Inc.; 
Mail add: 262 Clinton Ave., North 
Plainfield, N. J. (Battery) 

R. T. Macdonald, California Re- 
search Corp., 576 Standard Ave., 
Richmond, Calif. (Battery, The- 
oretical Electrochemistry) 

Alfred Mayer, R.C.A. Semiconductor 
Div.; Mail add: 819 Penn Place, 
Plainfield, N. J. (Electronics— 
Semiconductors) 

R. F. Merkert, Union Carbide Metals 
Co.; Mail add: 231 Callodine Ave., 
Buffalo 26, N. Y. (Electrothermics 
& Metallurgy) 

L. C. Moore, Electric Storage Bat- 
tery Co., Missile Battery Div., P. O. 
Box 11301, Raleigh, N. C. (Bat- 
tery) 

W. J. Musgrave, John E. Fast & Co.; 
Mail add: 731 Prospect Ave., Win- 
netka, Ill. (Electric Insulation) 

M. J. Nelson, Pennsalt Chemicals 
Corp.; Mail add: 750 Conifer Lane, 
Calvert City, Ky. (Industrial Elec- 
trolytic) 

W. E. Parker, Speer Carbon Co., 
Packard Rd., Niagara Falls, N. Y. 
Industrial Electrolytic) 

R. B. Penland, Kaiser Aluminum & 
Chemical Corp., Dept. of Metal- 
lurgical Research, Spokane 69, 
Wash. (Corrosion, Electrodeposi- 
tion, Theoretical Electrochemistry) 

R. A. Perfetto, Westinghouse Elec- 
tric Corp.; Mail add: 604 Hillside 
Dr., Pittsburgh 35, Pa. (Electron- 
ics—Semiconductors) 

Robert Pikovnik, General Electric 
Co.; Mail add: 3646 Freemont Rd., 
South Euclid 21, Ohio (Electronics 
—Luminescence) 

G. E. Pittman, Texas Instruments, 
Inc., Box 5012, Sta. 9, Dallas 22, 
Texas (Electronics—Semiconduc- 
tors) 

W. M. Portnoy, Texas Instruments, 
Inc., Box 5012, Dallas 22, Texas 
(Electronics—Semiconductors) 

J. E. Powderly, Eagle-Pitcher Co.; 
Mail add: 1118 Elm, Miami, Okla. 
(Electronics—Semiconductors) 

R. M. Roe, U. S. Naval Research Lab.; 
Mail add: 6705-41st Ave., Univer- 
sity Park, Md. 
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F. N. Ruehlen, Phillips Petroleum 
Co.; Mail add: 1446 Elm, Bartles- 
ville, Okla. (Battery) 

M. J. Schlatter, California Research 
Corp., 576 Standard Ave., Rich- 
mond, Calif. (Battery, Electro- 
Organic, Theoretical Electrochem- 


istry) 
J. B. Schroeder, Ohio Semiconduc- 
tors Inc.; Mail add: 1615 Hess 


Blvd., Columbus 12, Ohio (Elec- 
tronics—Semiconductors) 

R. S. Shwartz, I.B.M. Corp., Board- 
man Rd., Poughkeepsie, N. Y. 
Electronics—Semiconductors) 

K. E. Shull, Philadelphia Suburban 


Water Co.. 762 Lancaster Ave., 
Bryn Mawr, Pa. (Industrial Elec- 
trolytic) 

S. M. Sokalski, Allied Research 
Products, Inc., Mail add: 23460 
Manistee, Oak Park 37, Mich. 
(Electrodeposition) 


A. D. Squitero, International Nickel 
Co., Inc. 67 Wall St., New York 5, 
N. Y. (Electrodeposition) 

M. E. Stanton, Delco Radio Div., Gen- 
eral Motors Corp.; Mail add: 400 S. 
139 West, Kokomo, Ind. (Elec'ron- 
ics) 

Toshihiko Suzuki, Westinghouse 
Electric Corp., Semiconductor 
Dept.; Mail add: 307 S. Maple Ave., 
Greensburgh, Pa. (Electronics— 
Semiconductors) 

C. E. Tirrell, Ionics Inc.; Mail add: 55 
Willow Rd., Nahant, Mass. 

G. H. Turner, Consolidated Mining 
& Smelting Co. of Canada Ltd.; 
Mail add: Box 362, Trail, B. C., 
Canada (Electronics—Semiconduc- 
tors) 

R. W. Vreeland, P. R. Mallory & Co., 
Inc., Indianapolis 6, Ind. (Elec- 
tronics) 

G. G. Wald, Lockheed Aircraft Corp., 
Burbank, Calif. (Corrosion) 

J. E. Wardill, Mining & Chemical 
Products Ltd.; Mail add: Engle- 
field Lodge, Middle Hill, Egham, 
Surrey, England (Electronics— 
Semiconductors, Electrothermics & 
Metallurgy) 

A. J. Warner, Aerovox Corp., Box 
147, Marion, Mass. (Electric Insu- 
lation) 


JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


Harry Weisberg, R.C.A.; Mail add: 
65 Yeager Ave., Forty Fort, Pa. 
(Electronics—Semiconductors) 

C. E. Welch, Jr., Sprague Electric 
Co., Lansing, N. C. (Electrodeposi- 
tion, Electronics) 

C. L. Wellington, Wellington Elec- 
tronics Inc.; Mail add: 274 Van 
Nostrand Ave., Englewood, N. J. 
(Electric Insulation, Industrial 
Electrolytic) 

F. G. Will, General Electric Co.; Mail 

add: 410 Robinson St., Schenec- 

tady, N. Y. (Theoretical Electro- 
chemistry) 

. W. Wolf, General Electric Co.; Mail 

add: 9 Damson Rd., Liverpool, 

N. Y. (Electrodeposition, Elec- 

tronics—Luminescence, Electro- 

Organic, Theoretical Electrochem- 

istry) 

T. J. Yu, Korea Storage Battery Co.; 


Mail add: 396 Tapsimri-Dong, 
Tongdaemoon-Ku, Seoul, Korea 
(Battery) 


M. I. Zwelling, Line Materials Indus- 
tries; Mail add: 2040 Norwood 
Blvd., Zanesville, Ohio (Electric 
Insulation) 


Associate Members 

B. S. Baker, Lockheed Aircraft Corp.; 
Mail add: 609 Grand Fir Ave., 
Sunnyvale, Calif. (Battery, Theo- 
retical Electrochemistry) 

W. A. Beaton, Sylvania Electric Co.; 
Mail add:: 19 Linden St., Lynn, 
Mass. (Electronics) 

V. O. Hinkle, Jr., Texas Instruments, 
Inc.; Mail add: 1214 Magnolia Dr., 
Richardson, Texas (Electronics) 

P. C. Whitman, General Electric Co.; 
Mail add: R.D. 1, Route 5, Weeds- 
port, N. Y. (Electronics) 


Student Associate Members 

D. R. Rhodes, 314 B, Noyes Lab., 
University of Illinois, Urbana, III. 
Theoretical Electrochemistry) 

K. I. Vasu, Dept. of Inorganic and 
Physical Chemistry, Indian Insti- 
stute of Science, Bangalore 12, In- 
dia (Corrosion, Electrodeposition, 
Electrothermics & Metallurgy, The- 
oretical Electrochemistry) 

E. L. Vetor, Purdue University; 
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Mail add: R.R. 1, Yorktown, Ind. 
(Battery) 


Reinstatement to Active Membership 
G. G. Hatch, W. S. Atkinson & Asso- 
ciates Ltd., 33 Price St., Toronto 5, 
Ont., Canada (Electrothermics & 
Metallurgy) 


Transfers to Active Membership 

R, W. Stiegler, Jr., Texas Instru- 
ments, Inc., P. O. Box 5012, Dallas, 
Texas (Electronics—Semiconduc- 
tors) 

D. R. Wolter, Ray-O-Vac Co., 525 
University Ave., Madison, Wis. 
(Battery) 

Z. A, Foroulis, Esso Research & En- 
gineering Co., P. O. Box 209, Madi- 


son, N. J. (Corrosion, Electron- 
ics—Semiconductors, Theoretical 
Electrochemistry ) 


Allen Gover, Texas Instruments, 
Inc.; Mail add: 1707 “O” Ave., 
Plano, Texas (Electronics—Semi- 
conductors and Luminescence, 
Electrothermics & Metallurgy, The- 
oretical Electrochemistry) 

H. H. Jennison, Jr., P. R. Mallory & 
Co., Inc.; Mail add: 840 S. Wash- 
ington, Du Quoin, Ill, (Electronics 
—Semiconductors) 

D. H. Jurden, Strategic-Udy Metal- 
lurgy Ltd., 3527 Stanley Ave., 
P. O. Box 300, Niagara Falls, Ont., 
Canada (Electrothermics & Metal- 
lurgy) 

J. B. Lounsbury, Chemical Physics 
Section, Armour Research Founda- 
tion, 10 W. 35 St., Chicago 16, III. 

Siego Matsuda, Cambridge Metal Re- 
search Inc., Natick Industrial 
Center, Natick, Mass. (Corrosion, 
Electrothermics & Metallurgy) 

George Schick, Bell Telephone Labs., 
Inc.; Mail add: 351 Broad St., 
Newark 4, N. J. (Corrosion) 


Personals 


Donald H. Bissell has been named 
chairman of the board of Chromium 
Corp. of America, New York City. 
Mr. Bissell, who has been with the 


December 1961 Discussion Section 


A Discussion Section, covering papers published in the January-June 1961 JourRNALs, is scheduled for pub- 
lication in the December 1961 issue. Any discussion which did not reach the Editor in time for the June 1961 
Discussion Section will be included in the December 1961 issue. 


Those who plan to contribute remarks for this Discussion Section should submit their comments or questions 
in triplicate to the Managing Editor of the JourNAL, 1860 Broadway, New York 23. N. Y., not later than Septem- 
ber 1, 1961. All discussion will be forwarded to the author(s) for reply before being printed in the JouRNAL. 
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firm for more than 35 years, formerly 
was president and chief executive 
officer. He has been instrumental in 
the growth of industrial chromium 
plating and in the development of 
many of today’s established engi- 
neering practices. 


Norman Craig, a member of the 
Electrochemistry Section of the Na- 
tional Bureau of Standards, Wash- 
ington, D. C., has been awarded the 
U. S. Dept. of Commerce Gold Medal 
for Exceptional Service. He was cited 
for “outstanding work in the ac- 
curate determination of the faraday, 
an important fundamental constant 
of physics and chemistry.” 


Herbert A. Laitinen, professor of 
analytical chemistry at the Univer- 
sity of Illinois, Urbana, is the winner 
of the American Chemical Society’s 
1961 Fisher Award in Analytical 
Chemistry for his fundamental con- 
tributions in electroanalytical chem- 
istry. He gave his award address on 
March 22 before the Division of An- 
alytical Chemistry at the 139th ACS 
National Meeting in St. Louis. In ad- 
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dition to being active in the teaching 
and research fields, Dr. Laitinen is 
secretary of the Commission on Elec- 
trochemical Data of the Analytical 
Section of the International Union 
of Pure and Applied Chemistry; a 
member of the Advisory Panel, Bu- 
reau of Standards, Chemistry Divi- 
sion I; editor of Monographs and 
Special Publications of The Electro- 
chemical Society; and assistant editor 
of Analytica Chimica Acta. In 1960, 
Dr. Laitnen published “Chemical 
Analysis,” his first solely authored 
textbook. 


George H. Morrison, formerly head 
of inorganic and analytical chemistry 
at General Telephone & Electronics 
Labs., Inc., Bayside, N. Y., becomes 
professor of chemistry at Cornell 
University, Ithaca, N. Y., as of July. 
He also will be in charge of the an- 
alytical program of the Materials 
Science Center at Cornell. 


Lincoln T. Work has been elected 
president of the Chemists’ Club, New 
York City, for 1961-1962. 


News Items 


ECS Detroit Meeting, 
October 1961 


The Detroit Section of The Elec- 
trochemical Society, being host to 
the National Meeting in October, 
wishes to point out that tickets to 
several excellent sports events may 
be obtained. 

On October 1, 1961, the Detroit 
Lions will play San Francisco in 
Detroit, and the University of Mich- 
igan will meet U.C.L.A. on Septem- 
ber 30 and Army on October 7 in 
Ann Arbor. Orders for tickets to the 
Detroit—San Francisco game may be 
placed by sending a check for $3.50 
to Detroit Football Co., 1401 Michi- 
gan Ave., Detroit 16, Mich., after 
July 1. The University of Michigan 
tickets at $5.00 apiece may be ob- 
tained by writing Ticket Dept., Ferry 
Field, Ann Arbor, Mich. It is to be 
noted that Detroit is the home of the 
Detroit Tigers who may provide a 
sports spectacular about the time of 
the Meeting. 


James P. Hoare, Publicity Chairman 
ESC 1961 Fall Meeting 


New ECS Sustaining Members 
Hewlett-Packard Company, Palo 
Alto, Calif., recently became a Sus- 
taining Member of The Electrochem- 
ical Society. 


U. S. Steel Corporation, Pittsburgh, 
Pa., became a Sustaining Member of 
the Society as of January 1961. 


International Symposium on 
Ultrapure Materials 


An International Symposium en- 
titled “Reinststoffe in Wissenschaft 
und Technik” has been announced, 
to be held in Dresden, East Germany, 
November 30 to December 2, 1961. 
The Symposium is sponsored by the 
Chemische Gesellschaft, the Gesell- 
schaft Deutscher Berg- und Hiitten- 
leute, and the Physikalische Gesell- 
schaft, all of the Eastern Deutsche 
Demokratischen Republik. Foreign 
workers in the field are invited to 
attend and to submit 15-minute pa- 
pers for presentation. Details may be 
obtained from Professor E. Rexer, 
Institut fir Angewandte Physik der 
Reinststoffe Dresden, Winterberg- 
strasse 28, Dresden A 20. 


Fuel, Heat Cells Open 15th Annual 
Power Sources Conference 


Direct generation of electricity 
from fuel and heat is coming of age. 
The rapid development of fuel cells 
and thermal cells for the creation of 
electricity to the point of field testing 
with electronic equipment was em- 
phasized at the 15th Annual Power 
Sources Conference, sponsored by the 
U. S. Army Signal Research and De- 
velopment Lab., Fort Monmouth, 
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N. J., May 9-11, at the Shelburne 
Hotel, Atlantic City, N. J. 

For the first time, the Conference 
devoted an entire day to fuel cells 
—batteries that consume fuel with- 
out heat or open flames to produce 
electricity without the moving parts 
of conventional generators. Half a 
day was devoted to thermal energy 
conversion—direct generation of 
electricity from heat. 

A spokesman for the Laboratory’s 
Power Sources Division, host at the 
Conference, said that despite some 
previous claims, fuel cells consum- 
ing such exotic fuels as hydrogen, 
oxygen, and hydrogen peroxide, as 
well as more common substances 
such as hydrocarbons and alcohol, 
are not ready for general use. 

Rather, he said, they have reached 
the stage where they can be tested 
under rugged field conditions as 
power sources for electrical and 
electronic equipment that previously 
used chemical batteries or power- 
driven mechanical generators. The 
same is true, he added, of thermal 
units that turn the heat of burning 
fuel directly into electricity without 
the necessity of going through a 
steam, gasoline, or diesel engine. 

In addition to fuel and thermal 
batteries, solar energy conversion, 
primary, and secondary conven- 
tional batteries were subjects of 
discussion at the Conference. Devel- 
opment of reliable high-rate zinc- 
silver-oxide batteries for missiles 
was announced, as were the latest 
developments in radiation-resistant 
solar cells for satellite power. High- 
rate batteries release large jolts of 
power for relatively short periods. 

Chairman of the Conference was 
Arthur F. Daniel, director of the 
Power Sources Division in the 
Laboratory. 


18th International Congress of Pure 
and Applied Chemistry 


Final arrangements have been 
concluded on the program of the 18th 
International Congress of Pure and 
Applied Chemistry to be held in 
Montreal, Canada, August 6-12, 1961. 

Complete details are available in 
the recently published third circular, 
which is available from the Secre- 
tary, 18th International Congress of 
Pure and Applied Chemistry, Na- 
tional Research Council, Ottawa, 
Ont., Canada. 

Announcement has been made of 
the title of the plenary lecture to be 
given by Academician N. N. Seme- 
nov, Moscow, U.S.S.R. It is: “Certain 
Chemical Reactions at Reduced Tem- 
peratures and Related Problems of 
Energy Transfer.” [For titles of the 
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other plenary and sectional lectures, 
see p. 91C of the April 1961 
JOURNAL, | 

The third circular also gives the 
preliminary program for the 2lst 
Conference of the Union of Pure and 
Applied Chemistry, business session 
. of the Congress, on August 2 to 5, at 
the University of Montreal. 


Ultralow-Conductivity Water 
Applying an electrophoretic ion- 
exclusion technique, the National 
Bureau of Standards (1) recently 
succeeded in preparing water of ex- 
tremely low ion content. The water 
obtained has an electrical conductiv- 
ity of 0.039 x 10° ohm™ at 18°C, in- 
dicating a residual ion content which 
is equivalent to a sodium chloride 
concentration of 1 ppb. Containing 
less than one third of the ionic im- 
purities of the water prepared by 
Kohlrausch and Heydweiller in their 
historic purification experiments, 
this water approaches the theoretical 
conductivity—and ideal purity— 
more closely than any values pre- 
viously reported in the literature. 

The present research, undertaken 
by Wolfgang Haller and H. C. 
Duecker of the Bureau’s staff, was 
part of a study on ion diffusion. In 
designing the purification procedure, 
two principal considerations were 
involved. First, instead of using mul- 
tiple distillation as in the classic ex- 
periments, an electrophoretic pro- 
cedure was applied. In this way, pur- 
est water was obtained in two hours, 
while, in the best previous study, 36 
consecutive vacuum  distillations 
were required. Second, the purifica- 
tion apparatus was designed to recir- 
culate the purified water continu- 
ously through the electric field, thus 
immediately removing any ions 
which might originate from the walls 
of the apparatus and contaminate 
the already purified water. 

By this kinetic method, it is pos- 
sible to maintain the purity of the 
water if a container material with 
very low ion-release is used. While 
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fused silica containers which had 
been exposed to water for ten years 
were utilized in former purifications, 
high-density polyethylene, platinum, 
and borosilicate glass which had been 
exposed to steam for a number of 
hours just before purification were 
found suitable for the present experi- 
ments. The steam condenses in the 
apparatus, thus rinsing its internal 
surfaces with a stream of freshly dis- 
tilled water. At the temperature of 
this treatment, the diffusion of ions 
from the glass—which is the main 
potential source of ionic impurities— 
is many times faster than at the 
temperatures at which the apparatus 
is used, resulting in an effective de- 
pletion of the surface regions of the 
glass from objectionable ions. 


Reference 

1. For further technical information, 
see “Ultra Low-Conductivity Wa- 
ter by Electrophoretic Ion Exclu- 
sion,” by Wolfgang Haller and 
H. C. Duecker, J. Research NBS, 
64A (Phys. and Chem.), 527 
(Nov.-Dec. 1960). 


Burgess Battery Expands Line of 
Mercury Cells and Batteries 


Expansion of Burgess Battery Co.’s 
line of mercury cells and batteries 
into a full selection for wide-range 
industrial, instrument, and electronic 
applications requiring constant volt- 
age power sources was announced 
recently. 

From the 17 basic types of mer- 
cury cells in the complete Burgess 
line, a virtually unlimited variety of 
multiple-cell batteries now can be 
designed to meet varying specifica- 
tions for space, weight, voltage, bat- 
tery life, or other special conditions, 
according to Dr. Joseph J. Coleman, 
vice-president of engineering. 

The greatly expanded mercury cell 
line is a further extension of the 
company’s lines of batteries, which 
previously included more than 3000 
different types of dry cells, nickel- 
cadmium, and reserve batteries— 
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together comprising the widest range 
of batteries offered by any U.S. bat- 
tery manufacturer. 

“Burgess long has been the indus- 
try leader in designing and manufac- 
turing special purpose batteries for 
military, industrial, and scientific 
uses,” Dr. Coleman declared. “By 
extending our design and consulta- 
tion service on special batteries to 
the mercury battery field, we can 
assure designers of electronic and 
electrical products complete assist- 
ance in meeting all special battery 
needs,” he explained. 

Mercury batteries primarily are 
specified when a constant voltage 
level is of prime importance. The 
new Burgess batteries and cells op- 
erate either intermittently or con- 
tinuously through a wide range of 
temperature and pressure conditions, 
providing energy uniformly and de- 
pendably after many months or ex- 
tended periods of storage. 


In addition to the basic standard 
cells and multiple cell batteries, 
more than 60 types of Burgess mer- 
cury batteries are available on spe- 
cial order, and others can be designed 
to customers’ specifications, the com- 
pany noted. 

Complete technice! data on the 
standard and special order lines, as 
well as special consultation on design 
problems, can be obtained by writ- 
ing Engineering Dept., Burgess Bat- 
tery Co., Freeport, III. 


Book Reviews 


Viscoelastic Properties of Polymers, 
by John D. Ferry. Published by 
John Wiley & Sons, Inc., New 
York City, 1961. 482 pages; $15.00. 
This is a highly specialized and 

highly mathematical treatment of a 

science which cuts across several 

conventional fields, although even 
the less mathematically trained 
reader will find much material which 


The JOURNAL accepts short technical reports having unusual importance or timely interest, where speed of 
publication is a consideration. The communication may summarize results of important research justifying 
announcement before such time as a more detailed manuscript can be published. Consideration also will be 
given to reports of significant unfinished research which the author cannot pursue further, but the results of 
which are of potential use to others. Comments on papers already published in the JournaL should be re- 
served for the Discussion Section published biannually. 
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will increase his understanding of 
the flow properties of many of our 
important commercial materials. 

The nature of viscoelastic behavior 
is explained with illustrations in the 
field of high polymers. The exact in- 
terrelations among the viscoelastic 
functions are explored with the help 
of the classic Maxwell and Voigt 
mechanical analogies. Methods of 
exact and approximate calculation 
are followed by experimental meth- 
ods used for the study of viscoelas- 
tic liquids, soft and hard viscoelastic 
solids, and fibers. 

The basic molecular theory under- 
lying the rheology of linear and 
cross-linked polymeric systems is 
discussed. Both the rubbery state of 
matter and the glassy state, as well 
as the transition zone from rubber- 
like to glass-like consistency, are 
given much attention. Phenomena 
found in concentrated polymer solu- 
tions, plasticized polymers, and gels 
are compared. 

The glareless finish of the paper in 
this book is commendable. It greatly 
reduces the strain on the eyes of the 
reader. 

Henry S. Myers 


Thermoelectricity. Edited by Paul H. 
Egli. Published by John Wiley & 
Sons, Inc., New York City, 1960. 
407 pages; $10.00. 

Most of the chapters of this book 
were presented at the Conference on 
Thermoelectricity sponsored by the 
Naval Research Laboratory in Sep- 
tember 1958 and are somewhat dated. 
The four sections of the book are: 
I. Fundamental Concepts in Thermo- 
electricity, II. Basic Parameters in 
Thermoelectricity, III. Chemical and 
Physical Properties of Materials at 
High Temperatures, IV. Measure- 
ment of Material Properties. 

The 23 chapters in the four sec- 
tions provide much specific guidance 
for engineers and scientists working 
in the field, and an excellent over- 
all view for those wishing introduc- 
tion to this new field. 

S. C. Hyman 


Meetings of Other 
Organizations 


Oct. 4-6—National Association of 
Corrosion Engineers, Western Re- 
gional Conference, Hotel Multno- 
mah, Portland, Ore. 


Oct. 9-11—National Association of 
Corrosion Engineers, North Cen- 
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tral Regional Conference, Chase- 
Park Plaza Hotel, St. Louis, Mo. 


Oct. 9-13—American Rocket Society, 
Space Flight Report to the Nation, 
New York Coliseum, New York, 


Oct. 30-Nov. 2—National Association 
of Corrosion Engineers, Northeast 
Regional Conference, Hotel Stat- 
ler, New York, N. Y. 


Announcements 
from Publishers 


“Electronic Packaging with Resins: 
A Practical Guide for Materials 
and Manufacturing Techniques,” 
by Charles A. Harper. Published 
by McGraw-Hill Book Co., New 
York City, 1961. 360 pages; $11.00. 


“Germanium and Silicon,” Selective 
Bibliography SB-437,* 10 cents. 


“Antimony, Bismuth, Gallium, In- 
dium, Selenium, and Tellurium,” 
Selective Bibliography SB-438,* 
10 cents. 


“Low Temperature Research on Ma- 
terials,” Selective Bibliography 
SB-451,* 10 cents. 


“High Temperature Research,” Se- 
lective Bibliography SB-453,* 10 
cents. 


“Molten and Fused Salts,” Selective 
Bibliography SB-425,* 10 cents. 


“Hydrolysis of Water-Saturated 
Chlorofluorocarbons in the Pres- 
ence of Metals and the Associated 
Corrosion,” Feb. 1961. AEC Report 
K-1461,* 20 pages; 50 cents. 


“Oxidation Potential of the Ce (III): 
Ce (IV) Couple as a Function of 
Temperature in Perchioric Acid 
Solutions—Thermodynamic Prop- 
erties,” Aug. 1960. AEC Report 
UCRL-9332,* 46 pages; $1.00. 


“High-Temperature Metallurgy and 
Heat-Resistant Alloys.” Selective 
Bibliography SB-452,* 34 pages; 
10 cents. 


“Thermistors and Resistors.” Selec- 
tive Bibliography SB-429*; 10 
cents. 


“Thermopiles and Thermocouples.” 
Selective Bibliography SB-430*; 
10 cents. 


a Order a. Office of Technical Services, 
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“Thermionics and Cathodes.” Selec- 
tive Bibliography SB-431*; 10 
cents. 


“Ferroelectricity and Ferromagnet- 
ism.” Selective Bibliography SB- 
434*; 10 cents. 


“Review of Research and Develop- 
ment at the Idaho Chemical Proc- 
essing Plant on the Electrolytic 
Dissolution of Nuclear Fuel,” 
Feb. 1961. AEC Report IDO- 
14535,* 57 pages; $1.25. 


“Cut the Cost of Producing Ferro- 
silicon in Electric Furnaces,” Oct. 
1960, Moscow. Translation of an 
article by Ya. S. Shchedrovitskiy 
and Yu. S. Maksimov in the Rus- 
sian-language journal Stal’ (Steel), 
No. 10. Translation 61-11684,* 12 
pages; 50 cents. 


“Gas Atmosphere Effects on Mate- 
rials,’ R. A. Baughman, General 
Electric Co., for Wright Air De- 
velopment Div., U. S. Air Force, 
May 1960. Report PB 161 980,* 232 
pages; $3.50. 


“Recent Developments in Casting 
Resins and Technology for Elec- 
trical Encapsulation Applications,” 
Plastics Technical Evaluation Cen- 
ter, Picatinny Arsenal, N. J., for 
Dept. of Defense, Nov. 1960. Re- 
port PB 171 034,* 34 pages. 


“Nitrogen Tetroxide Corrosion Stud- 
ies,” C. W. Alley and others, Allied 
Chemical Corp., for Wright Air 
Development Div., U. S. Air Force, 
July 1960. Report PB 171 301,* 40 
pages; $1.75. 


“The Determination of the Effects of 
Elevated Temperatures on the 
Stress Corrosion Behavior of Struc- 
tural Materials,” F. A. Crossley 
and others, Armour’ Research 
Foundation of Illinois Institute of 
Technology, for Wright Air De- 
velopment Div., U. S. Air Force, 
May 1960. Report PB 161 962,* 53 
pages; $1.50. 


“Research Investigation to Deter- 
mine the Optimum Conditions for 
Growing Single Crystals of Se- 
lected Borides, Silicides, and Car- 
bides,” A. D. Kiffer, Linde Co. of 
Union Carbide Corp., for Wright 
Air Development Div., U. S. Air 
Force, April 1960. Report PB 161 
792,* 24 pages; $1.00. 


“Peltier Effects for Crystal Grow- 
ing,” Louis L. Thomas, Research 
Chemicals Div. of Nuclear Corp. 
of America, for Wright Air Devel- 
opment Div., U. S. Air Force, May 
1960. Report PB 161 985,* 45 pages; 
$1.50. 


4 
| 
ws 
fe 
] 
~ 


144C 


“Second Status Report on Fuel Cells,” 
B. R. Stein and E. M. Cohn, Office 
of the Chief of Research and De- 
velopment, Dept. of the Army, Dec. 
1960. Report PB 171 155,* 80 pages; 
75 cents. 


“Compliant Electrodes for Dielectric 
Measurements,” Andrew R. Blanck, 
Feltman Research Labs., Picatinny 
Arsenal, U. S. Army, Aug. 1960. 
Report PB 161 670,* 15 pages; 50 
cents. 


“Synthesis and Purification of Dielec- 
tric Materials,” W. C. Divens, and 
others, Westinghouse’ Electric 
Corp., for Wright Air Develop- 
ment Div., U. S. Air Force, Sept. 
1960. Report PB 171 364,* 77 pages; 
$2.00. 


“Electroanalytical Method for the 
Determination of Carbon and Hy- 
drogen in Organic Compounds,” 
H. S. Haber and K. W. Gardiner, 
Bell & Howell Research Center, 
for Wright Air Development Div., 
U. S. Air Force, Sept. 1960. Report 
PB 171 409,* 26 pages; 75 cents. 


“Corrosion of Materials by Lithium 
at Elevated Temperatures,” E. E. 
Hoffman, Union Carbide Corp., for 
U. S. Atomic Energy Commission. 
Report ORNL-2924,* 147 pages; 
$2.75. 


“Fundamental Studies of the Chem- 
istry and Physics of Organic Mate- 
rials Adsorbed on Metal Sub- 
strates,” H. A. Roth, R. F. Lumb, 
and C. M. Doede, Quantum Inc., for 
Wright Air Development Div., 
U. S. Air Force, April 1960. Report 
PB 161 840,* 149 pages; $2.75. 


“A Study of the Effects of Surface 
Films on the Mechanical Proper- 
ties of Metals,” I. R. Kramer, Mar- 
tin Co., for Wright Air Develop- 
ment Div., U. S. Air Force, July 
1960. Report PB 171 150,* 34 pages; 
$1.00. 


* Order from Office of Technical Services, 
Business and Defense Services Administra- 
tion, U.S. Dept. of Commerce, Washington 
25, D. C. 
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New Products 


High-Throw, Bright-Nickel Plating 
Process. Metal & Thermit Corp. has 
announced a new process for plating 
bright nickel deposits. The process, a 
Watts-type bath that can be used 
with either air or mechanical agita- 
tion, gives high-brilliance deposits 
with excellent brightening rates and 
outstanding chromium receptivity. 
Further information and technical 
data available from Metal & Thermit 
Corp., General Offices, Rahway, N. J. 


Alumon “D,” a new simplified 
method of plating on aluminum util- 
izing a dilute zincate solution, has 
been developed by Enthone, Inc., 442 
Elm St., New Haven 8, Conn., sub- 
sidiary of American Smelting and 
Refining Co. The new zincating bath 
is made up at a concentration of only 
1 lb/gal of Alumon “D” salts. 


Subminiature Four-Layer Diode. 
Shockley Transistor unit of Clevite 
Transistor, Stanford Industrial Park, 
Palo Alto, Calif.. has announced a 
new subminiature “glass” package 
for its four-layer diode. The new 
diode, designated as Type E, is capa- 
ble of handling 10 amp pulses or 150 
ma of continuous current, three times 
the capacity of the nearest com- 
parable type of four-layer diode. 


Oxide-Removing “Dip.” Electro- 
plating onto copper and copper-alloy 
printed circuits is said to be sub- 
stantially improved by Deoxyde, 
which reportedly removes oxides, 
light soils, fingermarks, and similar 
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plating deterrents, through a simple 
dipping operation. The new formu- 
lation is said to clean without affect- 
ing plating resists, or etching copper 
circuits, thus promoting reject-free 
production of subsequent electro- 
plating operations. A product bul- 
letin giving details and applications 
data is available from the manufac- 
turer, The Meaker Co., subsidiary of 
Sel-Rex Corp., Nutley, N. J. 


Literature 
from Industry 


MacDermid Alumetex Process for 
preparing aluminum alloys for elec- 
troplating, which can be used to plate 
all commonly electroplated metals on 
all aluminum alloys, is fully de- 
scribed in Technical Data Sheet No. 
13, a six-page usage and instruction 
sheet prepared by MacDermid Inc., 
Waterbury, Conn. 


Raytheon Co. Catalog. More than 
150 different silicon diffused rectifiers 
are described in a new six-page cata- 
log available free from Warren 
Schoonmaker, Semiconductor Div., 
Raytheon Co., 215 First Ave., Need- 
ham, Mass. 


“The Corrosion Resistance of Zir- 
conium.” This 14-page book contains 
detailed graphs for over 100 highly 
corrosive media in concentrations up 
to 100% and temperatures up tc 
400°F. Available from Zirconium As- 
sociation, 2130 Keith Bldg., Cleveland 
15, Ohio. 


Employment Situations 


Positions Available 

Four challenging research positions 
for experienced surface chemists, in 
fully-equipped laboratory devoted to 
research and development on alum- 
inum and copper alloys, involving: 
A. Electrochemical kinetics, adsorp- 
tion, and oxide film structure inves- 
tigations related to finishing pro- 
cesses. B. Studies of interfacial 
surface reactions between polymeric 
resins and metal oxide surfaces 
relating to strength and permanence 
of joints in the adhesive bonding of 
metals. C. Mechanisms relating to 
surface phenomena, associated with 
liquid metal-solid metal inter-action 
as applied to soldering and brazing. 
D. Surface and electrochemical re- 
actions effecting the kinetics of gen- 
eral, localized, and stress corrosion 


processes. Pleasant living, with ac- 
cess to major university. Send reply 
to R. H. Endriss, Personnel Manager, 
Olin Mathieson Chemical Corp., 125 
Munson St., New Haven, Conn. 


Solid-State Chemists —- Research 
and development group seeks chem- 
ist or chemical physicist for solid- 
state work on cathodoluminescent 
and electroluminescent materials, 
photoconductors, and chemicals for 
electronic applications. Candidates 
should have Ph.D. or equivalent and 
be capable of independent work. 
Unexperienced as well as experi- 
enced candidates will be considered. 
Modern and well-equipped labora- 
tories, in northeastern Pennsylvania. 
Publication of work encouraged. 
Send résumé to: D. F. Fortney, Tech- 
nical Services, Chemical and Metal- 
lurgical Division, Sylvania Electric 
Products Inc., Towanda, Pa. 
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The Electrochemical Society 


Address all correspondence to the Editor, 


INSTRUCTIONS TO AUTHORS OF PAPERS JOURNAL OF THE ELECTROCHEMICAL SocI- 


(Revised as of 1/1/61) ETY, 1860 Broapway, NEw York 23, N. Y. 


Manuscripts must be submitted in triplicate to expedite review. They 
should be typewritten, double-spaced, with 242-4 cm margins. 

Title should be brief, followed by the author’s name and business or 
university connection. Authors should be as brief as is consistent with 
clarity and should omit introductory or explanatory material which may be 
regarded as familiar to specialists in the particular field. Proprietary and 
trade names should be avoided if possible; if used, they should be capital- 
ized to protect the owners’ rights. 


Authors may suggest qualified reviewers for their papers, but the 
JOURNAL reserves the right of final choice. 


Technical Articles must describe original research of basic nature and 
must have adequate scientific depth. Articles of wide diversity of interest 
are appropriate, but subjects primarily covered in other specialized journals 
(e.g., analytical or nuclear chemistry) are not considered appropriate. An 
Abstract of about 100 words should state the scope of the paper and sum- 
marize its results. Suitable headings and subheadings should be included, 
but sections should not be numbered. Articles in recent issues of the 
JOURNAL should be consulted for current style. 

Technical Notes are used for reporting briefer research, developmental 
work, process technology; new or improved devices, materials, techniques, 
or processes which do not involve more basic scientific study. No abstract is 
required. 

Brief Communications are used only to report new information of scien- 
tific or technological importance which warrants rapid dissemination. 


Drawings and Graphs ordinarily will be reduced to column width, 8.3 cm, 
and after such reduction should have lettering no less than 0.15 cm high. 
Lettering must be of letter-guide quality. India ink on tracing cloth or 
paper is preferred, but India ink on coordinate paper with blue ruling is 
acceptable. The sample graph shown on the reverse page conforms to sug- 
gestions of the American Standards Association (ASA Report Y15.1-1959). 

Photographs should be used sparingly, must be glossy prints, and should 
be mailed with protection against folding. Micrographs should have a labeled 
length unit drawn or pasted on the picture. 

Captions for figures (including photographs) must be included on a 
separate sheet. Captions and figure numbers must not appear in the body of 
the figure; they will be removed if they do. 

Numerical Data should not be duplicated in tables and figures. 


Mathematical Equations should be written on a single line if possible, and 
parentheses, brackets, the solidus (/), negative exponents, etc., may be 
used freely for this purpose. Authors are urged to consult Chapter VI of 
the “Style Manual” of the American Institute of Physics (available for 
$1.00 at American Institute of Physics, 57 East 55 St., New York 22, N. Y.) 
and to follow the patterns described there. 


If more than a few Symbols are used, they should be defined in a list at 
the end of the paper, with units given. For example: 
a, b...—= empirical constants of Brown equation 


f, = fugacity of pure ith component, atm 
D, = volume diffusion coefficient, cm?/sec 
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The AIP “Style Manual” referred to here gives a suitable list of 
common Abbreviations. Units usually will be abbreviated without periods 
throughout the text, as sec, min, hr, cm, mm, etc. 


Metric Units should be used throughout, unless English units are clearly 
more appropriate in the area of discussion. 


Electrode Potentials: Authors are urged to state and make use of the 
polarity of test electrodes with respect to the reference electrode used, i.e., 
Zn is normally negative, Cu normally positive with respect to the standard 
hydrogen electrode. The sign for the emf of a cell should conform to the 
free energy change of the chemical reaction as written or implied, in ac- 
cordance with the definition 4G — —nFE. These suggestions agree with the 
IUPAC conventions adopted in 1953. If any other convention is used, it 
should be stated clearly and used consistently throughout the manuscript. 


Literature References should be listed on a separate sheet at the end of 
the paper in the order in which they are cited in the text. Authors’ initials 
must be given, and the style and abbreviations adopted by Chemical 
Abstracts should be used. Any recent issue of the JOURNAL may be consulted. 
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Remarks: Line weight 2 is used for borders and zero lines. 
When several curves are shown, each may be numbered and 
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